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Abstract 
The impact of smoke from bushfires or prescribed burning has in the last decade 
emerged as a major risk for agricultural industries in Australia. This is especially true for the 
wine industry, as many wineries have recently experienced financial losses due to smoke 
taint in wine. A considerable amount of research has been done on the role of smoke in 
seed germination and on the effects of smoke on human health but research about the 
effects of smoke on the physiology of agricultural and native plant species is lacking. The 
aim of my research is to investigate the physiological responses of native and agricultural 
plants to smoke from bushfires or prescribed burns. 
The first component of my project involved exposing a broad range of species (n = 14) to 
smoke generated from combustion of leaf litter of Eucalyptus saligna. Physiological 
measures such as photosynthesis, stomatal conductance and transpiration were measured 
using leaves before and after exposure to smoke. Leaf anatomical features were described 
to determine possible morphological adaptations for comparing native plant species from 
fire-prone environments with agricultural species. Characteristics such as leaf surface area 
and thickness, moisture content, presence or absence of wax layers or hairs and tissue 
distribution within leaves were measured for comparisons. The outcome of these two 
studies showed that smoke had a substantial negative impact on leaf gas exchange of native 
and agriculture species. Immediate responses were recorded for rates of photosynthesis 
and similar, but slower, responses for stomatal conductance and transpiration. There was a 
clear indication that native species from fire-prone environments were able to withstand 
smoke exposure better than those from non-fire-prone environments. However, it was 
shown that leaf characteristics, such as a thick lamina and encrypted stomata that are 
common in native Australian species, can provide a means of protection against smoke from 
bushfires and prescribed burns. However, leaf traits such as trichomes and rough leaf 
surfaces promote the adherence of particulate matter and thus may have a negative effect 
on plant physiology. As smoke composition is variable and largely depends on the fuel 
burnt, the second part of my project was designed to investigate the effects of smoke from 
different types of fuel on leaf gas exchange. For this study five different fuel types were 
used: leaf litter from Eucalyptus saligna, litter from a temperate Eucalyptus forest, Pinus 
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radiata needles, a mixture of native and exotic grasses and straw. Four native and exotic 
plant species (three woody and one herbaceous species) were used in this study. The impact 
of smoke on the leaf gas exchange varied according to the sources of smoke and among 
plant species. For example, smoke had a relatively small impact on Orange var. Valencia 
most likely due to the rapid response of stomatal closure. Since all leaves died after 
exposure to smoke from burning straw and the smoke from this fuel type had the highest 
emission factor for volatile organic compounds, it is possible that this component of smoke 
may have an important role in affecting plant physiology.   
The next component of my project focussed on the change in physiological responses of 
two herbaceous species after exposure to smoke in a controlled environment. Using a 
laboratory-based system, Strawberry and Sunflower plants were exposed to smoke for a 
fixed period of time (5, 10 or 15 min), and as the CO2 concentration of smoke could be 
measured it could be categorised as ‘high’ or ‘low’ concentration. This study showed that 
both ‘exposure time’ and ‘smoke concentration’ had a negative impact on leaf gas exchange 
of both species, but the effect of increased smoke concentration outweighed the effect of 
exposure time.  
In the final study, the parameters of a biochemical C3 photosynthesis model for plants 
exposed to different smoke exposure times and concentrations were estimated. Gas 
exchange measurements were done by combined fluorescence and gas exchange using a LI-
6400 fluorescence chamber open system. The sub-model of the biochemical C3 
photosynthesis model proposed by Yin and Struik (2009) was used for calculating the 
parameters. Modelling these parameters allows for a better understanding of what 
potential mechanism, a gas exchange or a biochemical limitation, may have caused the 
decline in photosynthesis after plants were exposed to smoke. The result of this study was 
that smoke causes impairment of the biochemical capacity of leaves, including the 
maximum rate of Rubisco activity-limited carboxylation (Vcmax) and the maximum e
- 
transport under saturated light (Jmax). As rates of photosynthesis were back to normal 24 h 
after smoke exposure it was hypothesised that particulate matter deposited on leaf surfaces 
had no impact on the photosynthetic apparatus. 
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This research will contribute to a better understanding of the consequences of exposure 
to smoke on agricultural and native plant physiology. This knowledge can be included in 
management plans for a range of stakeholders. For example, land managers may work with 
land holders to adjust the timing of prescribed burning to suit nearby agricultural properties 
and in this way may reduce the financial losses for wineries and other agricultural industries. 
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Chapter 1 General introduction 
1.1 Introduction 
1.1.1 Bushfire impact 
The destructive force of bushfires has been illustrated by many catastrophic events 
throughout Australian history. Most recently, bushfires in New South Wales in October 2013 
heralded a disastrous and early start to the fire season in the Blue Mountains. These fires 
resulted in two fatalities and were described as the worst fires in NSW since the 1960s. The 
fires that began on 7 February 2009, better known as ‘Black Saturday’, became a tragedy 
that swept through parts of Victoria. On this day, 173 people lost their lives, 2133 houses 
were destroyed and more than 270 000 ha were burnt (Australian Government 2010). Black 
Saturday has gone into the history books as being one of the worst fires in the recorded 
history of Australia in terms of loss of life and property. In 2006/7, there were several very 
large fires (mega-fires) in Victoria with the ‘Great Divides Fire’ being the longest running fire 
event recorded in Australia after burning for 69 days and affecting more than 1 000 000 ha. 
The ‘Canberra Bushfires’ encroached on the Australian Capital Territory in January 2003, 
claiming four lives, injuring over 490 people and destroying around 500 homes. Also starting 
in January 2003 were bushfires in alpine and montane regions in Victoria which burnt 
1300000 ha, destroying 41 homes and killing over 9 000 livestock.  
This pattern of landscape-scale fires has a long history in Australia (see Adams and 
Attiwill (2011)). On 16 February 1983, now referred to as ‘Ash Wednesday’, 47 people lost 
their lives in Victoria and 28 in South Australia. More than 2 000 houses were destroyed and 
418 000 ha of forest and farmland were burnt. Bushfires in Hobart, Tasmania on ‘Black 
Tuesday’ in February 1967 claimed the life of 62 people, more than 80 000 livestock and 265 
000 ha were burnt. In Victoria on ‘Black Friday’, 13 January 1939, 79 people lost their lives, 
over 2 000 000 ha were burnt and 1 300 houses destroyed. The largest recorded bushfires in 
history in a populated region in Australian was on February 6, 1851. These fires burnt a 
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quarter of the state of Victoria, equivalent to about 5 000 000 ha. Twelve people died and 
over 1 million sheep were killed. 
These are just the ‘worst’ bushfires. There have been many more, but smaller and less 
damaging (Ellis et al. (2004), Australian Government 2010, Adams and Attiwill 2011, 
Department of Environment and Primary Industries (DEPI) 2014). Since there are no 
nationally agreed criteria about defining a ‘significant fire year’ or a ‘major fire event’ (see 
also Adams and Attiwill 2012) and there are inconsistencies and gaps in the information 
available about bushfire events in each state. The information that is available shows that 
the amount of land affected by bushfires continues to be significant (Ellis et al. 2004). 
In the first decade of the 21st century, Australia endured an extended drought period 
resulting in an increase in fire in the landscape. Other parts of the world have shown a 
similar trend. For example, Westerling et al. (2006) documented an increase in wildfire 
frequency in the western United States since the mid-1980s due to changes in climate. With 
predicted changes in climate on the increase, the trend for an increase in annual bushfire 
events follows (IPCC 2007b; Lucas et al. 2007; Bowman et al. 2009). Since the 1970s there 
has been an increase in extreme fire weather and an extension of the fire season in many 
parts of the Australian landscape (CSIRO and Bureau of Meteorology 2014). For Australia, 
this is likely to mean longer bushfire seasons with increasing numbers of extreme fire days 
(where district and state wide fire-bans are put in place) resulting in more frequent and 
potentially less controllable bushfires (Lucas et al. 2007).  
As a result of this increase in fire activity, the impact of smoke from bushfires on 
agriculture has recently emerged as a major risk to production, particularly for viticulture 
(Maleknia and Adams 2008). Due to the exposure of grapes to smoke at or after veraison, 
wine producers have experienced financial losses and reductions in product quality, largely 
due to smoke taint in produced wine (Kennison et al. 2009a). In conjunction with this 
problem, land managers are under increasing pressure from wineries to delay their 
prescribed burning operations until after harvesting so fruit quality is not compromised.  
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The chemistry of smoke taint in wine is being widely researched in Western Australia, 
South Australia, New South Wales and Victoria, but there is almost nothing known of the 
immediate physiological effects of smoke on grapevines. There is also little to no knowledge 
of how other agricultural or horticultural crops may be affected by smoke or if native plants 
are similarly affected. 
1.1.2 Research aims  
This PhD project has two guiding concerns or interests. First, there is a very strong 
economic incentive for increasing our knowledge about the effects of smoke on plants. The 
economic cost of smoke taint in wine has been substantial. For example, due to the 
bushfires in the Pemberton region of Western Australia, local wineries sustained losses of 
many millions of dollars because of unmarketable wine products (Kennison 2009). Smoke 
taint in wine was barely acknowledged 10 years ago but recent media exposure and a 
landmark decision by the Supreme Court in Western Australia in March 2010 brought this 
subject to a much wider audience. With predicted increases in fire frequency and extent 
associated with changing climates in Australia, more extensive prescribed burning is being 
called for and there will undoubtedly be greater impact on this and other agricultural and 
horticultural industries. Similarly, wine growing regions on all major continents are 
experiencing more and more fire in their landscapes and such research will quickly become 
recognised internationally. Secondly, this subject has rarely been studied and there are few 
published physiological studies. This present research will contribute greatly to the existing 
knowledge-base. 
The broad aim of this study is to investigate the effects of smoke from bushfires and 
prescribed burning on physiology of key agricultural and native Australian plant species. The 
broad research questions are: 
1. What are the immediate and short-term effects (days) of smoke on leaf-level physiology 
(e.g. respiration, photosynthesis, transpiration) for a range of agricultural and native 
plant physiology?  
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2. What are the immediate and short-term effects of different fuel types, different 
exposure times, and different smoke concentrations on leaf gas exchange? 
3. Does leaf morphology and anatomy affect the impact of smoke on leaf gas exchange? 
4. Does smoke affects the plants photosynthetic rates through physical or chemical 
reactions? 
This introductory chapter provides a broad background for the research described in 
later chapters. The next section (Section 1.2) will present several theories about the 
influence of humans on the Australian fire regime. More details about smoke as a by-
product from bushfires will be given in Section 1.3, with information about the components 
of bushfire smoke and smoke transport. In Section 1.4 the environmental effects of smoke, 
especially the effects of smoke on plants, will be discussed. The last part of this chapter 
(Section 1.5) will give an introduction into the modelling of photosynthesis explaining the 
pathway of CO2 diffusion into the leaf.  
1.2 Fire in the Australian landscape 
Australia has some of the most fire-prone vegetation in the world, arguably as the result 
of co-evolution with fire. The available data suggests fire has been part of the evolution of 
plants (Bowman et al. 2009). Fires became more common in Australia during the 
Pleistocene era about 2.5 million years ago when the climate changed due to movement of 
the land masses. This caused much of the rainforest vegetation to change into open 
sclerophyll vegetation (Kemp 1981; Kershaw et al. 2002). The fire regime of an area is 
commonly defined as the combined effect of the frequency, intensity seasonality and type 
of fires. Fire regimes changed strongly when Aboriginals arrived on the continent around 
40000 years ago (Mulvaney and Kamminga 1999), and another change in fire regime 
manifested after the arrival of European settlers (Luke and McArthur 1978; Kershaw et al. 
2002).  
1.2.1 Before arrival of man 
During the time before man arrived in Australia, climate was the driving force of 
vegetation change with fire responding to this change (Kershaw et al. 2002). In the first half 
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of the Tertiary period, the Australian landscape was dominated by rainforest and fire 
frequency was low (Kemp 1981). Australia was the last land mass to break away from the 
supercontinent Gondwana. A northwards shift of the continent in combination with the 
development of a subtropical high-pressure system led to the gradual ‘aridification’ of the 
continent since the mid-Tertiary. A monsoonal climate with annual tropical convection 
storms and associated lightning developed in Northern Australia after the mid-Tertiary 
period. Increasing aridity and tropical storms created the basis for the Australian fire biota 
(Bowman 2003) and led to the slow, but gradual change from tropical rainforest to 
sclerophyll vegetation between the late Miocene and the early Pleistocene. Due to the 
change in vegetation there was a concomitant increase in fire frequency which is likely to 
have accelerated the trend to more open woodland (Kemp 1981). 
1.2.3 After Aboriginal settlement 
According to charcoal deposits examined in association with pollen records, fires 
increased in frequency around 40 000 years ago. It is around this time that Aboriginals 
settled in Australia, promoting an increase in fire (Kershaw et al. 2002; Lynch et al. 2007). At 
the time of arrival of the first Europeans in the latter half of the 18th century, fire was the 
main feature of continued existence of Aboriginals and was an essential tool for daily life 
(Pyne 1991). Jones (1969) introduced the term “fire-stick farming” to describe the use of fire 
by Aboriginals – namely, the use of low-intensity fires over well-defined seasons to improve 
hunting and have some level of control over the plant and animals in the area. Recent 
comprehensive analysis by Gammage (2011) illustrates the breadth and intensity of use of 
fire by aboriginal Australians. 
There is much debate about whether the anthropogenic fire regime has impacted on the 
species composition, structure and distribution of Australia’s vegetation (Bowman, 1998). 
One group advocates that the fire regime used by the Aboriginals resulted in vegetation 
change (Singh et al. 1981; Flannery 1994; Miller et al. 2005). Another suggests that 
Aboriginals were not the cause of irreversible vegetation change. For example, MacPhail 
(1980) and Clark (1983) suggest that the Aboriginal fire regime did not change vegetation 
but was responsible for continuation of vegetation zones which may have affected the rate 
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of vegetation change. More recent studies suggest climate variability played a significant 
role in the Australian fire regime. Clement et al. (1999) found that peaks in charcoal related 
closely to times of maximum frequency of both El Niño and La Niña events. Similarly, peaks 
in burning frequencies around 130 000 and 40 000 years ago seemingly coincide with El 
Niño-Southern Oscillation (ENSO) (Lynch et al. 2007). In terms of global climate change, fire 
regimes reflect long-term changes in climate consistent with less fire during glacial stages 
and increased fire during interglacial stages (Power et al. 2008; Daniau et al. 2010). 
One widely accepted hypothesis is that Aboriginal burning probably extended the range 
of fire-adapted species and played a role in the diversification of the vegetation (Janzen 
1988; Hill 1994; Bowman 1998; Kershaw et al. 2002). For example, Aboriginal burning is 
likely to have accelerated the trend towards more open woodland (Bowman 1998; Kershaw 
et al. 2002). Despite the fact that considerable information about the fire regime in Australia 
has recently become available through paleo-records, there is still much debate about the 
causes of change in the Australian biota.  
1.2.4 After European settlement 
In 1788 the first Europeans settled in Australia (Luke and McArthur 1978). A noticeable 
peak in the charcoal records has been found around this time (Kershaw et al. 2002). James 
Cook was the first European to encounter the eastern coastline of Australia and in 1770 he 
wrote in his travel journal ‘We saw smoke by day or fires by night wherever we came’. After 
seeing such a great number of smoke plumes, Cook and his crew soon referred to the 
country as ‘a continent of smoke’. Many other explorers of the Australian coast including 
Leichhardt, Sturt and Gregory noticed smoke and identified this with Aboriginal settlements 
(Pyne 1991). The magnitude of smoke reported by explorers may be because local 
Aboriginals wanted to scare the unknown Europeans away or because it was used as a 
warning signal (Benson and Redpath 1997; Fensham 1997), rather than providing an 
impression of Aboriginal fire management at the time of European arrival. Consequently, 
there were other explorers who did not refer to smoke and fire in their logbooks (Abbott 
and Burrows 2003). 
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European settlers viewed fire differently from Aboriginals. Aboriginals used fire for 
practical and social reasons, such as hunting and gathering (Bowman 1998) and ceremonies 
(Preece 2007). Europeans viewed fire as a risk which needed to be suppressed (Gill 1981). 
During the 19th century, rural Australia was sparsely settled and fire was used for clearing 
land to build houses and establish farming land. European settlement has had a major 
impact on many Australian ecosystems due to grazing, forestry and land clearance (Franco 
and Morgan 2007). The fire regime changed from high frequency, low-intensity fires under 
Aboriginal management to low frequency, high-intensity fires under European management 
(Bowman 1998).  
In 1940, the Federal Government introduced a fire exclusion policy which led to a sharp 
decrease in fire activity (Kershaw et al. 2002). Following this exclusion policy, prescribed 
burning was introduced in 1954 as a mechanism for preventing major bushfires. Prescribed 
burning consists of intentionally manmade fires to reduce fuel load and therefore 
minimising potential fire intensity and reducing the likelihood of catastrophic unplanned 
bushfires (Landsberg and Gower 1997; Agee and Skinner 2005). It is also used for re-
introducing appropriate fire disturbance regimes into areas which are fire-prone (Burrows 
2008), to increase biodiversity (Edwards et al. 2008) or to control competing vegetation 
(Landsberg and Gower 1997). Despite the application of prescribed burning in the mid-
1950s large fires continued to occur in rural areas of Victoria, New South Wales and 
Tasmania (Adams and Attiwill 2011). As a result of these fires, more effective bushfires 
fighting techniques were developed. Due to technical improvements, a modern approach to 
fire- fighting really began in 1965 (Luke and McArthur 1978). 
The last few decades have seen significant changes in fire management, fire-fighting 
techniques and planned fire regimes in Australia. At the same time there has been a global 
trend of urban areas expanding into rural areas. This trend has led to more ignition sources 
(arson and accidental) in rural areas but also more people exposed to bushfires in the so-
called rural-urban interface (Pausas and Keeley 2009). 
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1.3 Smoke  
1.3.1 Smoke as a by-product from fire 
Smoke is generally regarded as a negative by-product of fire by the majority of the 
population. The compounds in smoke include water vapour, CO, CO2, CH4, NH3, O3, nitrogen 
oxide and nitrogen dioxide (collectively referred to as NOX), SO2, chloromethane (CH3Cl), 
H2S, COS, dimethyl sulphide ((CH3)2S2), amines, volatile organic compounds (VOCs), 
polycyclic aromatic hydrocarbons (PAHs), amino acids and particles low in elemental carbon 
(often referred to as particulates or particulate matter; PM). Smoke is visible due to the 
suspension of PM in air and is a result of incomplete combustion of fuels (Ward and Hardy 
1991). In most instances, the PM emitted is less than 2.5 µm in diameter and thus can be 
taken into the lungs and are described as being ‘respirable’ (Ward 2001; Cochrane 2009; 
Urbanski et al. 2009). The amount and type of smoke produced depends on many factors 
including both the fuel type and fire type, moisture content of the fuel (often referred to as 
fuel condition) and fire intensity (Levine 1994). The description of smoke referred to 
throughout this thesis is that it consists of hundreds of different poisonous and non-
poisonous gaseous compounds and particulate matter. Once smoke ages, due to vertical 
and horizontal transport of the smoke plume, the smoke composition changes as well. 
Smoke aging happens because of deposition of PM or due to secondary reactions between 
gaseous compounds or PM and gaseous compounds. When smoke ages the visibility 
becomes less due to deposition of PM. Literature often refers to an aged smoke plume as a 
‘smoke haze’. Smoke haze refers to the remains of a smoke plume and consists of a light 
concentration of smoke which is not dense enough to impede visibility. Apart from bushfires 
and prescribed burning, ‘biomass burning’ can also include the use of biofuels, such as 
heating or cooking using timber or peat (Langmann et al. 2009). 
In the last few decades there has been an increase in research about smoke emissions 
from bushfires. Most of this research has been done in savannahs in southern Africa and 
temperate forests in the United States (Bell and Adams 2009; De Vos et al. 2009). In 
comparison, there is little information available for characterising or quantifying emissions 
from bushfires or prescribed burning in Australia. Although there have been a considerable 
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number of studies of smoke emissions from biomass burning in other parts of the world, it is 
debatable if these studies can be used for predicting smoke emissions in Australia (De Vos et 
al. 2009). This is mainly because the Australian environment differs from other 
environments including different types of vegetation and soil, but also different fire-fighting 
techniques are used (De Vos et al. 2009). Characterisation of smoke from biomass burning 
generally focuses on measuring PM, CO2, CO, NOx and O3 (Bell and Adams 2009), while other 
important gaseous components, such as H2, sulphides, volatile organic compounds VOCs 
and PAHs are more often than not measured. It is well acknowledged that the composition 
of smoke from bushfires or prescribed burning is relatively unknown in Australia and more 
research is needed for a better understanding of the effect of smoke on the environment 
(Bell and Adams 2009; De Vos et al. 2009; Rotstayn et al. 2009). The most recent research in 
Australia is in relation to the effect of bushfire smoke on human health (e.g. Bowman and 
Johnston (2005) and Tham et al.(2009)) and the characterisation of smoke from burning of 
various forest and grassland fuels under controlled (e.g. De Vos et al. (2009)) and field 
conditions (e.g. Reisen et al. (2011)). 
1.3.2 Fire processes 
Flaming versus smouldering combustion 
Bushfires and prescribed burning involves the combustion of living and dead fuel such as 
green leaves and leaf litter, bark, fallen wood and other debris. There are three types of 
fires that can consume these fuels: ground fires, surface fires and crown fires. Ground fires 
burn mainly underground and consume roots and other organic matter, surface fires burn 
just above the soil surface level and crown fires burn into the canopies of the trees (Bond 
and Wilgen 1996). Surface and crown fires generally involve flaming combustion whereas 
ground fires mainly involve smouldering combustion (Cochrane and Ryan 2009). 
Smouldering occurs due to insufficient oxygen to support flaming combustion or because of 
a lack of easily pyrolysed substances (volatiles) resulting in the inability to sustain flaming 
combustion (Cochrane 2009).  
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Bushfires and prescribed burns are never 100% efficient in combustion. Smoke is the 
result of incomplete combustion of fuel and the compounds that are formed are a major 
components of air pollution (Urbanski et al. 2009; Barboni et al. 2010). Complete 
combustion of fuel produces CO2 and water as the major products with 95% of the smoke 
produced consisting of CO2 (Ward 2001). Flaming and smouldering combustion contribute 
differently to the production of compounds in smoke. The flaming process consists of 
reactions which are more complete than the smouldering process and more oxidised forms 
of compounds are released (Radojevic 2003). Almost coinciding, but just before flaming 
combustion, pyrolysis (a heat-absorbing reaction) occurs that will produce CO2, CO, water 
vapour, highly combustible gases and particulate matter (Ward 2001). Combustion then 
follows due to oxidizing of hydrocarbon vapours that are released from the fuels (Ottmar 
2014). These processes release gases which sustain the visible flaming of fire (Ward 1991). 
During smouldering combustion more smoke is produced containing larger quantities of 
incompletely oxidised compounds. The concentration of compounds released during 
smouldering combustion can be several times greater compared to a fire consisting mainly 
of flaming combustion (Ottmar et al. 2009). Carbon monoxide is formed by low-
temperature surface reactions of O2 with carbon as it cannot be oxidised to CO2 to the same 
extent as in the flaming stage (Radojevic 2003) and also during oxygen deficient 
smouldering fires (Reisen 2011). A general rule is that the warmer the environment the less 
oxygen is required, therefore during oxygen sufficient and low surface temperature only 
smouldering fires can be sustained. Low intensity smouldering fires produce smoke with 
considerable amounts of particles and CO2 in comparison to high intensity fires (Ward 
2001). The amount of gaseous aerosols and PM released depends primarily on the 
interchangeable processes of smouldering and flaming combustion. 
Fuel structure  
Fuel is described by the dominant type of plant biomass being burnt. It can refer to leaf 
litter on the ground, bark on trees and suspended in the canopy of the understorey and live 
(green) or dead fuel composed of grasses, shrubs and trees. Fuel plays an important role in 
characterising fire behaviour and thus smoke production. Fire behaviour involves 
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measurable factors and is commonly defined as the manner in which fuel ignites, flame 
develops, and fire spreads and is influenced by abiotic (e.g. wind, slope, ambient air 
humidity) and biotic factors (e.g. fuel moisture content, live and dead fuel load, fuel 
architecture) (Whelan 1995). Fuel can vary in type (e.g. grasses, deciduous leaves, pine 
needles) structure and condition (e.g. dead versus life fuel). Fuel structure is defined as the 
vertical arrangement of fuel from ground level up into the canopy. Fuel condition generally 
refers the moisture content but can also include the state of decay (i.e. humus and intact 
leaf litter). As in any forest, litter is dynamic and is constantly being added to and removed 
in decomposition processes (York et al. 2012). In temperate Eucalyptus forests, differences 
in litter fuel dynamics can influence the season, frequency (how often a fire burns in a given 
area) and intensity (the amount of energy released from fuel by fire as it burns) of bushfires 
(Walker 1981) and consequently, smoke composition and production. Fuel type has an 
effect on smoke composition due to the distinctive chemical composition of each individual 
plant species (Oros et al. 2006). For example, grasses appear to have a high lignin to 
cellulose ratio compared to other plants because of the different biopolymers development 
for structural support (Oros et al. 2006). 
The structure of fuel plays a significant role in the rate of spread of fire. Forest litter fuel 
has a longer burnout time (Burrows 2001) compared to grass fuel, which has a burnout time 
of only about 5-15 seconds (Sullivan 2010). This can be explained by forest litter fuels being 
coarse and of high density and horizontally orientated (Burrows 2001). In comparison, grass 
leaves are fine, have high surface area-to-volume ratio and are high in thermal conductivity 
and low in density and vertical orientation (Sullivan 2010). Grassland will burn quickly with a 
fast rate of spread (Sullivan 2010). Therefore, a grass fire consists primarily of flaming 
combustion which produces less smoke compared to smouldering fires. In comparison, fires 
in forests may spread slowly and due to different fuel types being present, both flaming and 
smouldering combustion will occur. 
Fuel structure influences combustion processes by impacts on their shape and 
dimensions. Fine fuels such as twigs and leaves will burn fast and contribute considerably to 
the flaming process compared to large slow burning branches and big logs (Burrows 2001). 
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Slow burning fuels contribute mainly to the smouldering process. The compactness of the 
fuel bed also affects combustion rate and by changing the porosity of the fuel bed, the 
residence time and combustion rate can be altered (Burrows 2001). 
Fuel load 
Fuel load (amount) and distribution is a result of the turnover of perennial foliage with 
changes in cover and load of surface fuel driven mainly by the amount of tree and shrub 
cover and the time since the last fire consumed the fuel layer (Walker 1981). Fine fuels (<0.6 
mm diameter (Frost and Robertson 1987; Gould et al. 2011)) contribute mostly to fire 
spread and fire intensity (Burrows 2001), whereas elevated fuel masses such as dead 
standing wood (also referred to as ‘stags’ or ‘snags’) and logs contribute to greater heat 
output and fire residence time (Bradstock et al. 2010). Fuel type and load varies between 
different vegetation types. For example, surface or ground fuel in a closed Eucalyptus forest 
(>80% tree cover) is determined primary by the trees, whereas in an open forest (<50% tree 
cover), surface fuel is often patchy with contributions from shrubs and herbs (Bradstock 
2010). 
1.3.3 Composition of smoke 
Bushfires and prescribed burning occur only sporadically, but when fires do occur they 
contribute to the atmosphere through emissions in smoke in large concentrated amounts 
and over a relatively short period in time. Logically, these irregular but large emissions have 
an impact on the composition and behaviour of the atmosphere of the Earth (Ramanathan 
et al. 2001), and on ecosystems and human health (Tham et al. 2009; Dennekamp and 
Abramson 2011). To understand the impact of smoke, it is important to know its 
composition.  
Smoke emissions can be categorised into three groups: gases, gaseous aerosols 
containing particulates and unidentified compounds. Gases include water vapour, CO, CO2, 
CH4, NH3, NOx, SO2, O3 and VOCs. Most of these compounds are trace gases as they make up 
less than 1% of the Earth’s atmospheric gaseous composition. Particulate matter within an 
aerosol exists as solid and liquid particles and can be divided into primary (formed during 
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the combustion process) and secondary (formed in the atmosphere due to gas-to-particle 
conversion) particles (Rotstayn et al. 2009). The group referred to as unidentified 
compounds consists largely of organic aerosols of which the molecular specification is still 
very limited (Lee et al. 2005; Yan et al. 2008). 
Gases 
Due to the variety of gaseous aerosols, it is often difficult to identify all of the 
compounds in smoke. In addition, the formation of secondary aerosols due to chemical 
reactions in the atmosphere makes identification even more difficult. As a result, most 
research to date has concentrated on the major gaseous aerosols. 
Carbon monoxide is a colourless and odourless gas which is highly toxic to humans. 
During biomass combustion it is produced through the incomplete combustion of organic 
biomass (Ward 1999) and is the second most abundant carbon-containing gas produced 
(Ward and Hardy 1991; Ward 2001). When CO reacts with free hydroxyl radicals (OH) it 
forms CO2 (Radojevic 2003; Hamid et al. 2010). Carbon monoxide is very toxic to humans 
due to its reduction of oxygen transport and oxygen release in the circulatory system (De 
Vos et al. 2009), and can lead to death when large amounts are inhaled. Among all 
compounds in smoke, CO is considered to be the most common and dangerous gas in terms 
of firefighter health and safety (Treitman et al. 1980).  
Carbon dioxide is the most abundant gas produced during biomass burning with 
amounts measured of up to 95% released in smoke emissions (Ward and Hardy 1991; Ward 
2001). Unlike CO, CO2 is not highly toxic, but can cause fatigue and concentration loss when 
concentrations of about 2000 ppm are present (Hamid et al. 2010). Although CO2 released 
during biomass burning does not have a direct impact on human health it has considerable 
influence on the environment as a greenhouse gas. According to the definition of the 
International Panel of Climate Change (IPCC 2007a) greenhouse gases are “those gaseous 
constituents of the atmosphere, both natural and anthropogenic, that absorb and emit 
radiation at specific wavelengths within the spectrum of infrared radiation emitted by the 
Earth’s surface, the atmosphere and clouds. This property causes the greenhouse effect”. 
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The emissions of greenhouse gases into the atmosphere due to biomass burning has been 
described as ‘fast respiration’ via the destruction of carbon reservoirs such as forests and 
peat (Langmann et al. 2009).  
Most of the nitrogen released during combustion consists of NO and NO2, which is 
collectively referred to as NOX. Only a small amount of NO2 is formed during combustion 
and most is formed through oxidation of NO in the atmosphere (Radojevic 2003). Severe 
exposure to NO2 has hazardous effects on human health, with exposure at levels of 500 ppm 
or more being fatal within 3 to 5 weeks (Hamid et al. 2010). Large concentrations of NO2 
also have negative effects on plants as it can cause growth limitations and defoliation and 
concentrations of and above 10 ppm can decrease photosynthesis (Hamid et al. 2010). 
Through photochemical reactions, NOX reacts with CO, the greenhouse gases, CO2 and NH4, 
and other hydrocarbon compounds to form tropospheric ozone (O3) (Finlayson-Pitts and 
Pitts 2000; Guerova and Jones 2009; Urbanski et al. 2009). A photochemical reaction is a 
chemical reaction that occurs after exposure to sunlight and the absorption of light by 
atoms and molecules. Ozone is an indirect product of biomass burning and is a major air 
pollutant. Ozone affects human health and ecosystems (Langmann et al. 2009) through the 
oxidation of biological tissue (Guerova and Jones 2009). The effect on human health consists 
of breathing complications, fatigue and intensifying respiratory problems (Derwent 1995). 
The epidemiological study of West et al. (2006) showed that O3 has even been associated 
with premature mortality. Ambient levels of O3 can already cause damage to vegetation and 
can result in losses of crop yield (Rai et al. 2011). This damage in plants can consist of a 
reduction in growth, erosion of the cuticle (see also Chapter 4) or a change in stomatal 
regulation. When stomatal regulation is altered due to pollution this often leads to stomata 
not being able to close fully or rapidly and therefore more pollutants can enter the leaf (Bell 
and Adams 2008).  
Methane is a colourless and odourless gas which is highly flammable. It has an 
atmospheric lifetime of about 8-9 years and along with CO2 is considered to be a major 
anthropogenic greenhouse gas (West et al. 2006). It constitutes the fourth largest emission 
from biomass burning and has a significant impact as a greenhouse gas (Urbanski et al. 
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2009). Most CH4 is produced during smouldering combustion, a process that generates 
about two to three times more CH4 than flaming combustion (Ward 2001). Methane is not 
very toxic to human health but it is considered to be an asphyxiant (Goldammer et al. 2008). 
Indirectly, CH4 affects human health by acting as a precursor for particle and ozone 
formation, which subsequently can be inhaled into the respiratory system (West et al. 
2006). Methane has a global warming potential that on a mass basis is 25 times more than 
that of CO2 over a 100 year time period indicating that in research and policy decisions it 
might be better to concentrate more on reducing CH4 emissions than on CO2 emissions 
(West et al. 2006). 
Sulphur dioxide is a major air pollutant that is released during forest fires, but its biggest 
source is from volcanic eruption and through anthropogenic industrial combustion of fossil 
fuels. It is a colourless gas which, in the presence of humidity is oxidised to sulphuric acid. 
Sulphur dioxide acts as a precursor for acid rain and particle formation. When SO2 is inhaled 
by humans it can cause respiratory health problems which can be enhanced by the 
inhalation of particles (World Health Organisation, 2000). Acid rain causes major 
environmental problems by damaging vegetation and aquatic life, but it also damages stone 
buildings, which causes hundreds of millions worth of restoration costs each year (Hamid et 
al. 2010). The impact of acid rain on plants can result in degeneration of the cuticle layer in 
plants leading to changes in leaf permeability (Caporn 2001). Furthermore, sulphur dioxide 
negatively impacts O3 concentration in the atmosphere due to its ability to react with 
hydroxyl radicals, which are required for O3 production (Renner and Zhang 2010). Sulphur 
dioxide is also known to have an impact on stomatal regulation. 
The colourless gas ammonia (NH3) is an important element in the terrestrial nitrogen 
cycle. When NH3 is abundant in smoke it often forms secondary products, such as 
ammonium sulphate and ammonium nitrate. When there is little NH3 in smoke, secondary 
reactions form acidic products such as sulphuric acid and nitric acid. These secondary acid 
products can form acid rain, which has a negative impact on the environment.  
Volatile organic compounds are also produced during combustion of plant biomass. 
There are several definitions in the literature for VOCs. A commonly used description refers 
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to compounds that are in the gaseous phase when present in the atmosphere, but under 
normal conditions of temperature and pressure would be liquids or solids (Derwent 1995). A 
less strict definition and the one that will be used throughout this thesis is that VOCs are all 
carbon-containing gaseous compounds with the exception of CO and CO2. 
Volatile organic compounds are continually emitted from plants even in the absence of 
fire (Lerdau et al. 1997), but during a bushfire or prescribed burning, greater amounts and 
different types of VOCs can be released (Ward 1999). In the atmosphere, VOCs are involved 
in reactions which lead to secondary compounds being formed and these are often more 
complex than their parent compounds (Atkinson and Arey 2003; Holzinger et al. 2007). As 
with other gaseous compounds, VOCs can also undergo secondary reactions in the 
atmosphere leading to the formation of particles. Although this is a natural occurrence, 
these reactions can increase vastly after a bushfire or prescribed burn and can have a 
significant impact on atmospheric chemistry. 
Volatile organic compounds are often further defined according to their source. For 
example, biogenic volatile organic compounds (BVOCs) are VOCs emitted from organic 
sources compared to anthropogenic VOCs (AVOCs) which are emitted through human 
activity. Biogenic VOCs consists of isoprenoids, alkanes, alkenes, carbonyls, alcohols, esters, 
ethers and acids (Kesselmeier and Staudt 1999). Isoprenoids include isoprene and 
monoterpenes and are the most prominent VOCs in emission inventories (Kesselmeier and 
Staudt 1999). Knowledge about the effects of VOCs on human health is limited, mostly 
because VOCs are a large group of different compounds. Dost (1991) found that high levels 
of VOCs, semi-volatile organic compounds (sVOCs), CO, PM and aldehydes cause short-term 
health effects to firefighters such as coughing, eye irritation, shortness of breath, 
headaches, dizziness and nausea.  
One particular VOC which is highly abundant and for which the health effects are well 
documented is formaldehyde. Research has found that after exposure to formaldehyde, 
respiratory, skin and eye irritation can occur (Malilay 1998).  
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Polycyclic aromatic hydrocarbons are a component of the group of the semi-volatile 
organic compounds (sVOCs) and are formed through incomplete combustion or high 
temperature pyrolytic processes involving materials containing C and H such as fossil fuels 
(Baek et al. 1991). Polycyclic aromatic hydrocarbons can be of natural or anthropogenic 
origin (Ravindra et al. 2008). Biomass burning is the largest source of global PAH emissions 
with a contribution of 73.7% (Zhang and Tao 2009). Polycyclic aromatic hydrocarbons are 
very hazardous but are generally unreactive and have low acute toxicities. When PAHs are 
degraded or transformed, the products can have a serious impact on human health as 
mutagens and carcinogens (Callén et al. 2011). The compounds enter the respiratory system 
through the inhalation of PM where the majority of PAHs (70-90%) will be absorbed on at 
ambient temperature (Ravindra et al. 2008). 
Particulate matter 
Along with water vapour, PM forms the visible part of smoke. Most of the regional and 
global organic PM in the atmosphere originates from the emissions from biomass burning 
(Andreae and Merlet 2001). The global annual emissions of PM from biomass burning 
averaged for 1997-2006 was 50 Tg according to a study by van der Werf et al. (Werf et al. 
2006). During a bushfire or a prescribed burn, PM is produced during both flaming and 
smouldering combustion, but the products vary in dimension, morphology and visual 
properties (Reid et al. 2005; Chen et al. 2006; McMeeking et al. 2009). Particulate matter 
can be produced directly during burning as ash or fragments of unburnt fuel or indirectly 
due to gas-to-particulate conversion in the atmosphere forming secondary organic aerosols 
(SOAs) (Rotstayn et al. 2009). Secondary organic aerosols can also be formed due to the 
ability of PM to carry adsorbed and condensed hazardous gases (Ward 1999). 
The size of PM varies from 0.001 to 100 µm in diameter (Finlayson-Pitts and Pitts 2000; 
Rotstayn et al. 2009), with the range of 0.001 to 10 µm being the most important due to 
their chemical and physical properties in the atmosphere (Finlayson-Pitts and Pitts 2000), 
and their impact on human and animal health (Tham et al. 2009). Particulate matter can be 
divided into three groups: coarse particles (ranging from 2.5 to 10 µm in diameter, PM10), 
fine particles (0.1 to 2.5 µm, PM2.5) and ultrafine particles (smaller than 0.1 µm, PM0.1) (Vos 
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et al. 2009). About 90% of PM released during bushfires and prescribed fire is less than 10 
µm in diameter (Emmanuel 2000; Schöllnberger et al. 2002; Phuleria et al. 2005). These 
particles have the greatest impact on human health as they can enter the deepest part of 
the respiratory system of humans and animals (Tham et al. 2009). It is likely that smaller PM 
has bigger effects on human and animal health, and potentially plant functioning, than 
larger sized PM. Nonetheless, research assessing the effects of PM2.5 on human health is 
lacking, mainly because it is not as easily measured as PM10 (Dennekamp and Abramson 
2011). Particulate matter does not only impact on the health of humans and animals 
through inhalation, but, due to reduced visibility, there is also an increased risk in vehicle 
and aeroplane accidents. 
The composition of PM can be divided into organic carbon, such as black carbon, and 
inorganic elements such as Mg, K, Ca and Fe. Particulate matter influences the climate and 
weather conditions due to their impact on the radiation balance of the Earth through their 
optical properties (scattering and absorbing) and through cloud condensation nuclei (CCN) 
(Radojevic 2003). Particulate matter with scattering properties will reflect solar energy back 
into space leading to a cooling effect of the atmosphere (Andreae 2007). Black carbon is 
pure carbon in several linked forms and has a strong light absorbing character. Absorbing 
particulates have the opposite effect from reflecting particles by absorbing solar energy 
leading to heating of the atmosphere and cooling the surface of the Earth (Andreae 2007). 
During biomass burning, the ratio of black carbon to organic carbon fluctuates between 1:8 
to 1:12 as reviewed in Reid et al. (2005), and references within. 
Cloud condensation nuclei are particles that can start the formation of raindrops or 
clouds (Cheng et al. 2010) when particles come in contact with supersaturated water vapour 
(Andreae 2007). Due to the formation of CCN, precipitation patterns can be affected by 
possible changes in the formation, coverage or lifetime of clouds (Seinfeld and Pandis 1998; 
Radojevic 2003). Secondary organic aerosols are formed from primary aerosols and increase 
in size as the smoke plume ages (Reid et al. 1999). 
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Unidentified compounds 
Many investigations of regional and global atmospheric chemistry have centred on 
criteria pollutants such as CO, SO2, NO2, O3 and PM10, and various organic and inorganic 
micro-pollutants have also been determined in some studies (Radojevic 2003). Although 
there has been considerable research done on these major air pollutants there is still a large 
group of unidentified compounds in smoke, mainly consisting of VOCs and PAHs. The effect 
of this group on human health and on the environment is relatively unknown and more 
research is needed to fill this gap.  
1.3.4 Smoke transport 
Smoke from bushfires and prescribed burns can be distributed both vertically and 
horizontally into the atmosphere. A smoke plume refers to a rising column of smoke coming 
from a burning source point. Smoke injection height is a key component for predicting 
smoke plume dispersion for the reason that is determined by the distance and direction of 
the smoke plume (Ginoux et al. 2001; Colarco et al. 2004). The height to which the smoke 
plume rises into the atmosphere depends on the energy and moisture released from the fire 
and the ambient meteorological conditions (Langmann et al. 2009). For example, the energy 
and moisture released from a prescribed burn will be less than that for a bushfire that has 
developed into a crown fire and thus the height of the smoke plume will be lower. Until a 
decade ago it was thought that smoke plumes were not able to enter the stratosphere. 
However, research from Fromm et al. (2000) and Fromm and Servranckx (2003) has shown 
that strong pyroconvection from boreal wildfires can cause direct injection of large amounts 
of smoke compounds into the stratosphere through formation of pyrocumulonimbus 
clouds. In Australia, the first major formation of pyrocumulonimbus clouds was registered 
during the bushfires in 2003 in the Australian Capital Territory where smoke plumes reached 
heights of up to 15 km (Fromm et al. 2006). Pyrocumulonimbus clouds can lead to long-time 
and large-scale pollution of the stratosphere (Trentmann et al. 2006). 
Horizontal transport of smoke will follow the direction of prevailing winds and can be 
modified by the effects of local topography (Sullivan 2010). Topography also affects the 
settlement of smoke. For example, in valleys, smoke can accumulate during temperature 
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inversions and can increase risks related to health and visibility (Brown and Bradshaw 1994). 
In this scenario, accumulated smoke may remain in place for days and could impact the 
environment including agricultural crops. Bushfire smoke plumes and haze can be 
transported over hundreds of kilometres and can therefore impact the environment 
globally. For example, the study of Andreae et al. (1988) showed that haze layers caused by 
biomass burning occur at heights between 1000 and 4000 m and although these haze layers 
may have a thickness of only about 100 to 300 m, they expanded horizontally over several 
hundreds of kilometres. The bushfires in Victoria in 2009 were so intense that the smoke 
plume entered the lower stratosphere and circled the earth within 6 weeks after its earliest 
detection in the lower atmosphere (Siddaway and Petelina 2011).  
Smoke consists of thousands of different compounds due to variations in fuel and 
burning conditions. The type and quantity of compounds formed are different with each fire 
and change constantly during the same fire. Smoke plumes also change with age; ‘fresh’ 
smoke plumes will have different characteristics compared to ‘aged’ plumes that are days, 
weeks or months old. Smoke particles inevitably undergo some form of physical change or 
evolution during transport. In the first 30 to 90 minutes, PM rapidly increases in size 
followed by more modest growth in the first days after being emitted (Reid et al. 2005). In 
addition, PM will be removed from the smoke plume due to deposition. Larger particles are 
removed from smoke close to the fire source due to gravitational settling whereas fine PM 
can be transported over long distances (Echalar et al. 1995). Due to gravitational settling, 
PM will generally remain close to the ground while gaseous pollutants will be dispersed 
upward out of the smoke plume (Radojevic 2003). Emissions which move upwards can 
rapidly escape the boundary layer and have the tendency to contribute to long distance 
transport (Mazzoni et al. 2007). In smoke located close to the fire source, primary pollutants 
and fine particles dominate (Radojevic 2003). The concentration of compounds in smoke 
and temperatures within the plume will be relatively higher immediately after production 
compared to an aged smoke plume where emissions are diluted and temperatures have 
dropped as a result of mixing with ambient air (Reid et al. 2005).  
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Aging of a smoke plume or formation of a smoke haze also depends on the removal of 
gases and PM released during combustion. The ‘atmospheric lifetime’ of a compound is an 
indication of how fast it can be removed from the atmosphere and is described as the 
average time between emission and removal (including chemical conversion to another 
species) from the atmosphere (Seinfeld and Pandis, 2006). Some of the major emissions 
formed during a bushfire and their associated atmospheric lifetimes are presented in Table 
1.1.  
Particulate matter generally has a shorter atmospheric lifetime than gaseous species and 
ranges from hours to weeks (Pöschl et al. 2007). Gaseous compounds with long atmospheric 
lifetimes can stay in the atmosphere for months to years (Table 1.1). As mentioned 
previously, different size PM has different lifetimes and thus has varying transport ranges. 
For example, coarse and fine particles are removed from the atmosphere within a couple of 
hours whereas ultrafine particles can reside in the atmosphere for days or weeks (Jaenicke 
1980). After emission, ultrafine particles can rapidly increase in size through coagulation 
with other particles and aerosols and due to an increase in size can be removed through 
gravitational settling (Crutzen et al. 1984). The atmospheric lifetime of a gaseous compound 
or PM depends on its vertical position in the atmosphere. For example, PM close to the 
surface of the Earth (below 1.5 km) has a shorter lifetime (up to a week) than PM higher in 
the troposphere (up to a month; (Jaenicke 1980). During very intense fires, PM that is 
injected into the stratosphere may have a lifetime of one year or more compared to PM that 
remains in the troposphere (Jaenicke 1980). 
Dry deposition is the process where gases and PM are transferred from the atmosphere 
to surfaces without the assistance of precipitation. Wet deposition refers to the removal of 
gases by dissolution in droplets, rain or fog or removal of PM when they act as nuclei and 
are integrated in droplets in clouds (Seinfeld and Pandis 2006). Through both dry and wet 
deposition, air pollutants, can reach plant surfaces and can cause changes in physiology 
(Crutzen and Andreae 1990; Bytnerowicz and Grulke 1992), these can include smoke 
emissions (see Fig. 1.1). Leaves can act as a sink for short-lived gases such that up to 30% 
can enter plant tissues through the stomata and about 70% via non-stomatal uptake (Fowler 
46 
 
et al. 2009). Similarly, deposition of air pollutants on soil surfaces can lead to changes in soil 
chemistry and nutrient availability and consequently, can affect plant growth and 
functioning (Cape and Unsworth 1988; Grantz et al. 2003). These effects will be described in 
the next section. 
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Table 1.1 Atmospheric lifetimes and transport distances of the common compounds in smoke and how they are transported from the 
 source. After Goldammer et al. (2008) and adjusted. 
Compound Example Atmospheric lifetime Transport distance 
Gases CO Few weeks to few months
1 Transported over distances 
CO2 100 years or more
2 Transported over distances 
O3 Days to months
3 Only present downwind of fire-transported over distances 
 NOx 
 
Days to months3 Reactive concentrations decrease with distance from fire 
 CH4 About 9 years
3 Transported over distances 
 NH3
* Within a couple of hours4 Less than 2 km4 
 SO2 One to two days
5 Less than a thousand km**  
Hydrocarbons Benzene Days to months6 Some transport, and react to form organic aerosols 
Particles PM10 Within a couple of hours
7 Coarse particles are not transported and contain mostly soil 
and ash 
 PM2.5 One week to one month
8 Fine particles transported over long distances 
 PM1.0 Within a couple of hours
7 Through coagulation the ultrafine particles rapidly increase in 
size8 
 As a gas 
** based on 3.5 m s-1 at 10 m height 
1 Clerbaux et al. (2008)        5 Mylona (1996) 
2Ramanathan and Carmichael (2008)     6 Rasmussen and Khalil (1983) 
3 Montzka et al. (2011)       7Jaenicke (1980) 
4 Asman et al. (1998)       8Crutzen et al. (1984) 
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1.4 Plant physiological responses caused by exposure to smoke 
1.4.1 Seed germination 
It has long been recognised that fire has an important role in breaking seed dormancy. Seed 
germination can be caused by both direct and indirect effects of fire, including heat, charcoal 
and smoke. For a long time it was thought that the heat produced by fire was the only factor 
responsible for seed germination, and this is reflected in the earliest studies concerning this 
topic (Stone and Juhren 1951; Christensen and Muller 1975; Purdie 1977). In the 1980s it was 
shown that leachates from charcoal could also trigger seed germination (Keeley et al. 1985), 
and that in some species heat and charcoal acted synergistically (Keeley 1987).  
In addition to this early research, it was hypothesized that another fire-related process was 
involved in breaking seed dormancy. The reason for this theory was that a relatively large 
amount of seed was still not germinating in situ or ex situ after experimental exposure to heat 
and/or charcoal whereas the same species would germinate after bushfire. This process was 
discovered by De Lange and Boucher (1990) when they found that smoke was the missing link 
in fire-related seed germination. In their study, smoke from burning fynbos plant material 
applied to seed of fynbos species promoted successful germination. Since the study of De Lange 
and Boucher, a great deal of research related to smoke germination has been done globally 
(Brown 1993; Keeley and Fotheringham 1998; Pérez-Fernández and Rodríguez-Echeverría 2003; 
Nelson et al. 2012; Abdelgadir et al. 2013; Reynolds et al. 2014). The first Australian research 
into seed germination and smoke was conducted in Western Australia by Dixon et al. (1995) in 
a study using 94 species from 30 families of native plants. Smoke had a significant effect on 
seed germination for about half of the species tested. Flematti et al. (2004) isolated the 
compound in smoke that triggers seed germination and identified it as the butenolide 3-methyl-
2H-furo[2,3-c]pyran-2-one. Since this study, a variety of compounds have been found to be 
responsible for seed germination and together these compounds are now referred to as 
Karrikins (Flematti et al. 2009). 
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Figure 1.1 The effects and pathways of air pollutants and smoke on plants are given on a 
cellular, individual and ecosystem level. The range of biochemical reactions are defined as the 
metabolic pathways and cellular components, and alterations in the genetic code by 
transcription and translation. Redrawn from Bell and Adams (2009) and Caporn (2001). 
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1.4.2 Plant physiological responses to smoke 
Research on the effects of smoke on plants is limited and only a small number of studies 
have focused on plant physiological responses to exposure to smoke. For example, the study of 
Gilbert and Ripley (2002) investigated the effect of smoke on gas exchange of 
Chrysanthemoides monilifera (Boneseed). This study concludes that after a short-term exposure 
to smoke for 1 minute, there was a significant reduction in stomatal conductance, CO2 
assimilation rate and intercellular CO2 levels that persisted for at least 5 hours. A study done by 
Calder et al. (2010) used 20 minutes of smoke exposure also found a significant decrease in 
photosynthesis and stomatal conductance in both deciduous angiosperms and evergreen 
conifers. Davies and Unam (1999) investigated the effects of smoke haze from the 1997 
Indonesian fires using three commercial tree species. Despite an increase in CO2 levels, rates of 
photosynthesis of all three species was reduced due to the direct effects of elevated aerosols 
and pollutants, but also indirectly through reduced light availability. Recently, Bell et al. (2013) 
found differences in leaf gas exchange in response to smoke among different cultivars of 
grapevine and for smoke from different types of fuel. These studies represent the limited 
research which has been done to investigate the influence of smoke from burning biomass on 
plant physiology. 
There have been several studies that have hypothesized that smoke might affect some 
physiological traits in plants. For example, Peter et al. (2011) investigated the effect of heat 
from prescribed burns on leaves and flowering of Quercus garryana (Oregon White Oak). Heat 
was not the only factor of the burn that damaged floral primordia and, since the damage 
occurred at low heat exposure only in the presence of smoke, it was suggested that smoke may 
be having some detrimental effect.  
Although research about plant physiological responses to bushfire smoke is lacking, relevant 
information can be obtained from studies of air pollution as similar compounds are involved. 
For example, information about possible physiological effects of PM can be found in studies 
focussed on the effects of coal dust (Krajíčková and Mejstřik 1984; Naidoo and Chirkoot 2004; 
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Ulrichs et al. 2009). The same applies for knowledge about the effects of gaseous compounds 
on plant physiology from research about the environmental impact of greenhouse gases (Field 
et al. 1995; Wittig et al. 2009). Although comparisons with pollution studies can be made, it 
must be kept in mind that exposure of plants to smoke from bushfires or prescribed burns will 
be for a short time but to compounds at high concentrations, whereas air pollution is typically 
about long-term exposure of plants to low concentrations of harmful compounds. 
Though air pollution mainly has a negative effect on plants metabolism it can also have a 
positive effect. For example, an increase in CO2 can cause and increase in photosynthesis 
(Bazzaz 1990). An example of pollutants and the impact on plant processes can be found in Fig. 
1. Smoke compounds can affect the physiological processes of plants in several ways. For 
instance triggers for signal reduction pathways may be changed and membrane permeability 
might be altered (Gilbert and Ripley 2002). 
Bushfires and prescribed burns can potentially impact plants through exposure to the 
smoke produced. Native and agricultural plants in close proximity to the fire and downwind in 
the smoke plume are likely to be effected. Although prescribed burns are done to eliminate the 
fuel layer to protect the surrounding areas, including agricultural properties, the smoke 
produced during burning might have a far greater impact on plant functioning, and therefore 
productivity, than ever realised. Clearly, more research needs to be done to unravel the effects 
of smoke from prescribed burns at both a plant and an ecosystem level. 
1.5 Modelling C3 photosynthesis under smoky conditions 
Leaves need to take up CO2 from ambient air and facilitate transport to the site of 
carboxylation inside the chloroplast. However, the pathway that CO2 has to follow contains 
several barriers which can limit CO2 transport. These barriers or resistances consist of the 
boundary layer outside the leaf, stomatal resistance at the atmosphere-leaf interface and 
mesophyll resistance within leaf tissues (Fig. 1.2a). The boundary layer is the air layer adjacent 
to the leaf surface and is importance since it reduces wind speed significantly by surface friction 
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allowing for molecular diffusion of heat and mass (Schuepp 1993).  Depending on the structure 
of the leaf surface, the size and density of stomata and size and structure of the mesophyll 
layer, these barriers for CO2 uptake will differ among species. Hence, leaf morphology and 
anatomy is tightly linked with the photosynthetic achievement of a plant. 
1.5.2 Stomatal conductance 
Leaf surfaces are covered with stomata which are the main entry point for gas exchange in 
plants. Stomata have the ability to open and close by the action of two large cells, called guard 
cells. Through the movement of these guard cells, stomata can regulate both the partial 
pressure of CO2 at the site of carboxylation and the rate of transpiration (Farquhar and Sharkey 
1982). As a consequence, plants are faced with the dilemma of increased CO2 uptake with the 
potential for dehydration compared to less CO2 uptake and reduced water loss. Guard cell 
movement and thus stomatal opening and closure also depends on several environmental 
factors (Buckley and Mott 2013). 
1.5.3 Mesophyll conductance 
Mesophyll conductance (or internal conductance), the CO2 pathway from the substomatal 
cavity to the stroma of the chloroplast, comprises several resistances for gas exchange. For 
intercellular CO2 to reach the site of carboxylation it has to pass three resistances: (1) 
intercellular air space, (2) cell wall and (3) liquid phase resistance inside the cell (Fig. 1.2b). 
There are several techniques used to estimate mesophyll conductance: the two most common 
ones being a combination of stable carbon isotopes and leaf gas exchange measurement or by 
combining measurements of leaf gas exchange with fluorescence measurements. These two 
methods and other methods are well-reviewed in the papers of Warren (2006), Flexas et al. 
(2008) and Pons et al. (2009). The second method combining leaf gas exchange with 
fluorescence will be used in this thesis (see Chapter 6). Differences in resistances due to 
variances in leaf anatomy will most likely influence mesophyll conductance, and therefore leaf 
gas exchange and photosynthesis will be impacted. For example, Peguero-Pina et al. (2012) 
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compared leaf gas exchange with leaf anatomical properties in two Mediterranean species of 
Abies. This study found that differences between mesophyll conductance measurements based 
on anatomical measurements compared to mesophyll conductance measurements based on 
leaf gas exchange were likely to be caused by resistances of cell walls and stroma. 
 
Figure 1.2 Anatomical detail of the abaxial surface of an olive leaf (bottom side up), 
indicating the stomata and the pathway of ambient CO2 (Ca) through leaf surface (Cs) and 
intercellular air spaces (Ci) to the chloroplast (Cc). Boundary layer conductance (gb), stomatal 
conductance (gs) and mesophyll conductance (gm) are specified. Electron micrograph of a 
grapevine leaf where cell wall (cw), plasma membrane (pm), the chloroplast envelope (ce) and 
stroma thylakoid (st) can be detected. Mesophyll conductance is the pathway of intercellular 
CO2 (Ci) from to chloroplastic CO2 (Cc) is characterised by intercellular air space conductance to 
CO2 (gias), through cell wall (gw) and through the liquid phase inside the cell (gliq). A grain of 
starch (s) and a plastoglobule (pg) (Figures 1.2a and b from Flexas et al. (2008)). 
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1.5.1 The Farquhar, Von Caemmerer and Berry model 
Building on a good understanding of the pathway and processes of CO2 uptake and 
assimilation in relation to the uptake of light, a simplified model for photosynthesis was 
established by Farquhar, Von Caemmerer and Berry (1980). This model allowed for a 
combination of biochemistry of carbon assimilation in the photosynthetic apparatus of C3 
plants with leaf gas exchange. After the development of the infra-red gas analyser (IRGA) to 
measure leaf gas exchange in relation to the model, this method became a powerful tool for 
the scientific community for analysing the process of photosynthesis. The model is used globally 
and has had many extensions and applications over the years. The introduction to Chapter 6 
will go into more depth concerning the understanding and use of the model.  
1.6 Outline of the thesis 
The first research question addressed in this thesis concerns the broad effect of smoke on 
plant physiology of a range of agricultural and native Australian plant species (Chapter 2). To 
test the hypothesis that smoke will adversely affect leaf gas exchange, a range of agricultural 
and native Australian plant species were exposed to smoke from burning leaves of Eucalyptus 
saligna for a fixed period of time.  
The fuel that is burnt during a bushfire or a prescribed burn plays an important role in the 
gases and PM released. Chapter 3 investigates the effect of smoke from five different fuel types 
on leaf gas exchange. Secondly, gaseous components of smoke, namely CO2, CO and VOCs 
produced during combustion of each of the five fuel types were quantified.  
To determine if leaf anatomy can explain differences found in the effect of smoke on leaf 
gas exchange, a range of morphological and anatomical features of leaves were described and 
measured for all plant species used in previous investigations (Chapter 4). Plant functional traits 
that were targeted ranged from stomatal density to the thickness of epidermal and mesophyll 
cell layers to the presence or absence of hairs. 
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A smoke chamber was used to analyse the effect of exposure time and concentration of 
smoke on leaf physiology of two agricultural plants (Chapter 5). Two hypotheses were tested: 
that longer exposure times and smoke of higher concentration (determined by measurement of 
CO2 produced in this case) would have a greater effect on leaf gas exchange compared to short 
exposure time and smoke of low CO2 concentration.  
Gaseous compounds and very fine PM can enter the stomata of the leaves to potentially 
harm the leaf internally. To determine if there is a biochemical reaction involved, 
photosynthetic parameters of a C3 biochemical model were calculated (Chapter 6) using data 
collected in the study presented in Chapter 5. 
Chapter 7 provides a synthesis of the research presented in relation to leaf physiology and 
the biochemistry of photosynthesis. Based on this information, the management implications of 
prescribed burning are discussed and possible further research is suggested. 
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Chapter 2 Effect of smoke from combustion of Eucalyptus saligna leaves on the 
physiology of native and exotic plants 
2.1 Introduction 
Australia is known for its frequent bushfires and, together with nutrient-poor soils and 
seasonal summer drought, these have shaped the sclerophyll vegetation that covers most of 
the continent. Consequently many native plants have adapted to fire (Harrington et al. 1984). 
For example, many species of Eucalyptus have dormant buds on larger branches and trunks, 
protected by an insulating layer of bark, that resprout after fire. In addition to the direct heat 
and combustion effects; large amounts of smoke are often released during fires and these too 
affect Australian plant communities. Smoke can have both a positive and a negative impact on 
the environment. In fire-prone ecosystems it can play an important role in the physiological 
processes leading to seed germination; a topic that has been researched extensively (De Lange 
and Boucher 1990; Brown 1993; Keeley and Fotheringham 1998; Flematti et al. 2009). Smoke 
can also reduce air quality and light availability which will affect photosynthesis and respiration 
(Davies and Unam 1999; Bell and Adams 2009). This study will investigate the effects of gaseous 
components in smoke rather than changes in light availability due to particulate matter or to 
smoke-promoted seed germination.  
The extent of air pollution from bushfires depends on fire behaviour, fuel type and 
condition and the prevailing weather and can easily have implications beyond country borders. 
For example, a large number of fires burning in Indonesia in June 2013 caused a severe 
widespread smoke haze over neighboring countries with Pollutant Standard Index (PSI) for 
Singapore reaching a record high (Ekadinata et al. 2013). Hence, bushfire smoke can reduce air 
quality and when it enters populated areas it can affect human health. To keep track of air 
pollution from any source, air quality is closely monitored. In Australia, air quality is governed 
by the National Environment Protection Measure for Ambient Air Quality (the ‘Air NEPM’) 
which sets the national standards for six main air pollutants (Australian Government 
57 
 
Department of the Environment). It is not surprising that most studies concerning air pollution 
due to smoke from bushfires or prescribed burns are concerned with human health. Studies of 
the effects of smoke on leaf gas exchange and photosynthesis of plants are rare. 
Smoke has a complex chemical composition and can alter plant physiological processes via 
both particulate matter (PM) and gaseous compounds (see Section 1.3.3). From a physical point 
of view, it is well established that smoke from forest fires or prescribed burning activities 
change photosynthetic active radiation (PAR) (Yamasoe et al. 2006; Pielke Sr et al. 2007) due to 
reflection, scattering and/or absorption of the light by PM in the atmosphere. The interference 
of solar radiation by PM leads to a reduction in PAR, but increases the abundance of diffuse 
radiation due to increased scattering. As a result, CO2 uptake by plants will be reduced in most 
light-sensitive ecosystems due to a reduction in PAR, but both the light use efficiency (LUE; 
amount of dry matter produced per unit of radiation captured) and water use efficiency (WUE; 
ratio of biomass produced to water use (Ehleringer et al. 1993)) may increase due to an 
increase in diffuse radiation (Alton 2008). Diffuse radiation has a more uniform distribution 
throughout the canopy. As a result, a greater surface area of the canopy is irradiated and leaves 
whose photosynthetic rates were limited by light availability may increase rates of 
photosynthesis without needing to change CO2 through stomatal conductance and thus LUE 
increases. A consequence of the increase in net photosynthesis (gross photosynthesis minus 
respiration) without concomitant changes in canopy stomatal conductance is that more CO2 can 
be fixed for the same amount of water transpired, thereby increasing WUE. This effect, canopy 
photosynthesis enhancement due to a high proportion of diffuse radiation, has been observed 
globally (Gu et al. 2003; Niyogi et al. 2004; Knohl and Baldocchi 2008; Williams et al. 2014). 
However, in Australia, empirical research concerning this topic, specifically in relation to smoke, 
is lacking and the few studies that are available primarily concern savannas and savanna 
woodlands in Northern Australia. For example, Gras et al. (1999) and Kanniah et al. (2010) both 
found an increase in diffusive radiation due to scattering of PM from smoke produced during 
the fire season.  
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This study will investigate the effect of smoke generated from burning leaf litter of 
Eucalyptus saligna on gas exchange by leaves of a wide range of Australian native and exotic 
plants species. The tested species ranged from native to agricultural species, species from both 
fire-prone and non-fire-prone environments and with an assortment of leaf structures. It is 
hypothesized that Australian native species will withstand the effects of smoke better than 
exotic species. For example, leaves from sclerophyll plants are mostly small and thick 
(sclerophyll comes from the Greek words sclero meaning hard and phyllon meaning leaf) and 
this might protect the plant better against smoke exposure than mesophyll plants with large 
and thin leaves (mesophyll comes from the Greek words mesos meaning middle and phyllon 
meaning leaf). 
2.2 Methods 
2.2.1 Site description 
The three sites used in this study were located in eastern New South Wales, within 150 km 
of the city of Sydney (See Fig. 2.1). The sites included (1) Hawkesbury campus of the University 
of Western Sydney, (2) The Australian Botanic Garden, Mount Annan, and (3) Camden Estate 
Winery (Elderslie), Camden. These areas were selected as they have a range of plant species 
growing in similar conditions in a ‘common garden’ arrangement. 
The Hawkesbury campus is part of the University of Western Sydney and is situated about 
60 km north-west of Sydney in the Hawkesbury Valley at the base of the Blue Mountains. The 
campus comprises 1300 ha of land and was established as the Hawkesbury Agricultural College 
in 1891. A mix of native and exotic plants (e.g. orchards, local Australian species) used for 
research purposes is located in the north-eastern part of the campus. The soils are composed of 
alluvial depositions (Aiken 2004) and are in the Clarendon formation, which is one of six alluvial 
formations that can be found in the area flanked by Penrith and Windsor (Walker and Hawkins 
1957). 
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The Australian Botanic Garden, Mount Annan was established in 1988 on former farmland 
and is situated about 60 km south west of Sydney. It has over 4000 native plant species set on 
416 ha (The Royal Botanic Gardens and Domain Trust). The study sites were all located on a 
brown Dermosol derived from Bringelly Shale (Edye and McBratney 2000). 
The Camden Estate Winery (Elderslie) is situated across the Nepean River from Camden 
Park, which is about 60 km south west of Sydney. The estate covers approximately 15.4 ha and 
deep soil in the area is of alluvial origin.  
Weather data for the three sites has been summarized in Table 2.1. The data for the years 
2011 and 2012 have been separated from other study years because data is used for this study 
and a subsequent study (see Chapter 3) at these sites.  
2.2.2 Species selection 
Fifteen native and exotic plant species were selected for this study (Table 2.2). Native 
species from fire-prone ecosystems were chosen according to the hypothesis that these plants 
are better adapted to smoke from bushfires. Non-native (exotic) species from fire-free, 
agricultural environments were selected for comparison. Exceptions were made for both 
categories with some native species selected from fire-free environments and some exotic 
species from fire-prone environments (Table 2.2). A broad range of species, both native and 
agricultural, with diverse leaf structures were tested. Leaves varied in size, thickness and 
surface (see Chapter 4). Healthy plants were randomly picked (when there was enough choice) 
and measurements where done on the north-side of the plant where it received the most sun 
during the day.  
2.2.3 Generation of smoke  
To generate smoke, a 100 mm diameter bee smoker (Beeco Bee smoker) obtained from a 
local beekeeping supply company was used. Leaf litter used for burning was collected from the 
litter layer underneath a small E. saligna Sm. plantation at the Hawkesbury campus site in 
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March 2011. Leaves were air-dried and cut into 30 × 30 mm pieces to allow enough fuel to fit 
into the bee smoker and the fuel to be evenly distributed and homogenised. A layer of 
Eucalyptus leaves approximately 50-60 mm thick was packed into the bee smoker and ignited 
with a butane lighter. When the fuel was burning well, the bee smoker was closed and the 
smoke produced was pumped into a heat proof-bag enclosing the sample leaves. The smoke 
remained in the closed bag for 15 min. For each species tested, all replicates (n = 4) were 
treated on the same day and photosynthetic measures were made between 09:00 am and 
17:30 pm. Within this experiment the actual smoke concentration within the closed bag was 
not determined. Experiments further in this thesis will take into account smoke concentration 
when plants are exposed and in following chapters it will be elaborated how generated smoke 
concentrations relates to smoke concentrations in an actual bushfire or prescribed burn. 
2.2.4 Photosynthetic measurements 
For measurement of photosynthesis and leaf gas exchange, an open Infrared Gas Analyser, 
Li-Cor 6400 Portable Photosynthesis System (Li-Cor Inc, Lincoln, NE, USA) was used. Ambient air 
was pulled into the inlet of the IRGA and scrubbed of CO2 and excessive H2O using soda lime 
and drierite, respectively. After scrubbing, 400 ppm CO2 was supplied using a CO2 cartridge and 
H2O levels were kept between 30 and 70% humidity. Air at a flow rate of 500 µmol m
-2 s-1 was 
pumped through a 2 × 3 cm leaf cuvette in which a leaf was clamped. A quantum flux of 1000 
µmol m-2 s-1 was supplied by a LED light source and temperatures between 15 and 25 ˚C were 
maintained depending on the time of the day and the season.  
 
For each replicate plant, three branches were selected and the first three fully-expanded 
leaves from the tip were tagged. One branch was used as the control with no treatment being 
applied to the leaves. The second branch had a clear, heat-proof bag placed over the leaves and 
the bag was sealed for 15 min (hereafter referred to as the ‘bag’ treatment; Fig. 2.2). The third 
branch had a clear heat-proof bag placed over the leaves, smoke was added and the bag was 
sealed for 15 min (hereafter referred to as the ‘smoke’ treatment). To protect the stem of the 
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branch sampled from damage and to prevent smoke escaping from the bag, a thin strip of 
silicone putty (Blutak, Bostik Australia Pty. Ltd.) was wrapped around the stem before the bag 
was placed over the branch. To seal the bag, a twist-tie was wrapped around the opening of the 
bag and closed firmly onto the silicone putty. 
 
Gas exchange measurements, which included net photosynthesis (A), stomatal conductance 
to water vapour (gs) and transpiration (E) were measured on the first three fully-expanded 
leaves from each branch selected (see Fig. 2.2). Before the treatments (bag or smoke), each leaf 
was measured by placing it in the 2 × 3 cm cuvette. Gas exchange measurements were done on 
all leaves, including the control, about 15 min prior to the treatments being applied (T0). After 
the bag and smoke treatments had finished (15 min each), gas exchange measurements were 
repeated. Gas exchange measurements were taken at three more time intervals: 150, 240 and 
1440 min after the treatment. The 1440 min measurement after the treatment was the next 
day (24 h). The 24 h measurement for Orange var. Valencia was missing as the site could not be 
accessed during the weekend and instead a measurement at 8640 min, 6 d after, was made. 
 
To take into account the environmental conditions imposed by the treatments, temperature 
and humidity inside the heat-proof bag were measured with an I-button (1-Wire Hygrochron I-
button, Embedded Data Systems, Lawrenceburg) to monitor any changes during the 15 min of 
bag or smoke treatments. One I-button was placed in each bag during the treatment and one 
was placed next to the plant in the open environment as a control.  
 
A comparative measure of chlorophyll content was obtained using a leaf chlorophyll meter 
(SPAD-501, Minolta Corp. Osaka, Japan). For each tested species, the mean chlorophyll content 
was measured using 20 fully-expanded leaves of each replicate plant (n = 4). 
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Table 2.1 Weather data for the three study sites from 2000 to 2012. 
Study sites Years 
Annual 
monthly 
rainfall 
(mm) 
Mean temperature (˚C) Annual 
Daily global 
exposure 
(MJ m2) Weather station Maximum Minimum 
Hawkesbury 2000-2010 663.6 24.13 10.94 16.30 Richmond UWS 
Hawkesbury, 
Richmond RAAF 
 2011-2012 801.3 23.70 10.90 16.00 
Mount Annan 
and Camden 
Estate Winery 
Elderslie 
2000-2010 671.11 23.782 10.652 16.42 Mount Annan 
Botanic Garden, 
Campbelltown 2011-2012 672.1
3 23.40 10.60 16.10 
Data obtained from Bureau of Meteorology (BOM) website at 08-08-13 
1
 data collected from 2002-2010 
2
 data collected from 2007-2010 
3
 data for several months was missing 
Figure 2.1 The study sites used in this study are indicated in red. 
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Table 2.2 The species used in this study. Study sites are: H = Hawkesbury campus, M = The 
Australian Botanic Garden, Mount Annan and C = Camden Estate Winery (Elderslie).  
Study site Species Common name Occurrence 
Agricultural or weed    
M Olea europaea ssp. 
cuspidata (Wall. Ex G. 
Don) Cif. 
African Olive Woody weed 
H Momordica charantia Bitter Gourd  Exotic 
H Citrus × paradis Macfad. Grapefruit var. 
Weeny 
Exotic 
C Vitis vinifera L. Grapevine var. 
Chardonnay 
Exotic 
H Olea europaea L. ssp. 
europaea 
European Olive  Exotic 
H Citrus × sinensis (L.) 
Osbeck 
Orange var. 
Valencia  
Exotic 
H Helianthus annuus L. Sunflower  Exotic 
Native species    
H and M Banksia integrifolia L.f. Coast Banksia Coastal sand dunes and along 
tidal inlets in woodland2 
H Stenocarpus sinuatis 
(Loudon) Endl. 
Firewheel Tree  Mountain rainforest and dry 
rainforest1 
H Notelaea longifolia Vent. Long-leaved Olive  Beach forest, monsoon forest 
on old sand dunes1 
M Acacia myrtifolia (Sm.) 
Willd. 
Red-stemmed 
Wattle 
Dry sclerophyll forest and 
woodland2, native 
M Banksia serrata L.f. Saw Banksia Dry sclerophyll forest or 
woodland on sandstone or 
consolidated sand dunes2 
H Agathis robusta 
(C.Moore ex F.Muell) 
Bailey 
Smooth-barked 
Kauri  
Dry rainforest1 
M Telopea speciosissima 
(Sm.) R.Br. 
Waratah Dry sclerophyll forest, coast 
and mountains2 
1
 Australian Tropical Rainforest Plants (2010) 
2
 The Royal Botanic Gardens and Domain Trust, 1999-2011 
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2.2.5 Statistical analysis 
Temperature and humidity inside the bag (bag and smoke treatments) and next to the plant 
(control treatment) were recorded every minute for a duration of 15 min. Average temperature 
and humidity were then calculated for each species (n = 4) and analysed using a general linear 
model, univariate analysis. Gaseous exchange data (A, gs, E) was analysed using Mixed Linear 
Models with ‘time’ as repeated measures. This particular analysis was chosen as it can be used 
to analyse data with unequal replication, in this case, due to missing data. The effect of time 
and treatment were analysed for each species. When there was a significant difference a 
Bonferroni correction was applied post-hoc to the resulting P-values for means separation. To 
compare the different treatments on a certain time point a one-way ANOVA was used with a 
Bonferroni post-hoc correction when necessary. The software IBM SPSS Statistics 22 was used. 
Figure 2.2 Experimental details of gas exchange measurement being done on Orange var. 
Valencia by clamping a leaf in the cuvette of the Licor-6400 (a), and European Olive leaves 
undergoing the 15 min smoke and bag treatment (b). 
(b) (a) 
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2.3 Results 
2.3.1 Environmental conditions 
Sampling and general weather information associated with each species is presented in 
Table 2.3. The experiment was done throughout different seasons so there is large variation in 
daily temperature and relative humidity. Chlorophyll content ranged from 32 SPAD for the 
Coast Banksia to 80 SPAD for the European olive.  
Table 2.4 provides the mean temperature and humidity inside both bag treatments and 
outside the bag for the duration of the treatment. There were no differences in temperature 
among any of the three treatments, except for European Olive when the smoke treatment was 
compared to the control (GLM univariate analysis, df = 1, F = 6.215, P = 0.047). This was not the 
case for humidity: both the bag and the smoke treatment increased humidity. Depending on 
the relative humidity on the day (control), the increase was significantly different when relative 
humidity was low. For almost all species there was a significant increase in humidity for the 
smoke and the bag treatment compared to the control treatment (GLM univariate analysis, P 
<0.032). Coast Banksia from Hawkesbury showed no significant difference in humidity for the 
smoke and the bag treatment (GLM univariate analysis, df = 1, F = 3.356, P = 0.117; df = 1, F = 
0.301, P = 0.603) and for Sunflower there was a significant difference for the smoke treatment 
(GLM univariate analysis, df = 1, F = 6.256, P = 0.046), and no significant difference for the bag 
treatment (GLM univariate analysis, df = 1, F = 1.091, P = 0.336). 
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Table 2.3 Sampling and weather information for each species. Study sites are: H = Hawkesbury campus, M = The Australian 
Botanic Garden, Mount Annan and C = Camden Estate Winery (Elderslie). Mean (± standard deviation) values are presented for leaf 
chlorophyll content. 
Study site Species Sample date Sampling time 
Min and max 
temperature on 
day (°C) 
Min and max 
relative 
humidity on 
day (%)  
Leaf chlorophyll 
content SPAD 
Agricultural or weed      
M African Olive 31-10-2011 11:04 - 16:30 8.9 - 23.0 48 - 56 79.2 ± 2.0 
H Bitter Gourd 18-04-2011 11:12 - 16:40 9.2 - 22.6 48 - 80 32.0 ± 1.7 
H Grapefruit var. Weeny 23-03-2011 10:33 - 16:53 21.6 - 29.7 38 - 79 62.0 ± 3.1 
C Grapevine var. 
Chardonnay 
07-11-2011 10:41 - 14:55 16.6 - 31.0 57 - 70 32.8 ± 0.9 
H European Olive 26-05-2011 09:44 - 15:15 10.5 - 19.2 42 - 59 80.0 ± 1.7 
H Orange var. Valencia 18-03-2011 09:26 - 15:30 20.6 - 24.3 61 - 77 65.1 ± 1.8 
H Sunflower 20-04-2011 11:36 - 16:15 9.5 - 19.8 76 - 99 35.3 ± 0.8 
Native       
H Coast Banksia 06-10-2011 11:26 - 17:10 11.4 - 16.2 76 - 86 58.4 ± 3.9 
M Coast Banksia 19-10-2011 10:37 - 15:24 6.0 - 25.1 29 - 72 65.3 ± 1.9 
H Firewheel Tree 19-04-2011 11:42 - 17:16 8.0 - 25.1 40 - 88 49.7 ± 1.9 
H Long-leaved Olive 08-06-2011 09:59 - 15:46 3.5 - 14.2 34 - 48 49.3 ± 5.1 
M Red-stemmed Wattle 12-10-2011 10:07 - 15:29 4.4 - 20.9 51 - 64 60.4 ± 2.2 
M Saw Banksia 10-10-2011 10:07 - 15:49 6.9 - 22.7 39 - 88 45.4 ± 2.4 
H Smooth-barked Kauri 06-06-2011 10:15 - 14:49 7.7 - 18.0 46 - 53 79.6 ± 5.1 
M Waratah 17-10-2011 10:35 - 15:25 7.2 - 20.3 41 - 62 60.4 ± 2.3 
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Table 2.4 Mean (± standard deviation) temperature and humidity conditions in bag and smoke treatments. Study sites are: H = 
Hawkesbury campus, M = The Australian Botanic Garden, Mount Annan and C = Camden Estate Winery (Elderslie). n.d. = not 
determined. 
Study 
site Common name 
Temperature (°C) Humidity (%) 
Control Bag Smoke Control Bag Smoke 
 Agricultural or weed       
M African Olive 24.8 ± 1.5 24.8 ± 1.8 23.4 ± 1.3 45.0 ± 10.7 60.6 ± 7.4 85.8 ± 4.2 
H Bitter Gourd n.d. n.d. n.d. n.d. n.d. n.d. 
H Grapefruit var. Weeny n.d. n.d. n.d. n.d. n.d. n.d. 
C Grapevine var. 
Chardonnay 
n.d. n.d. n.d. n.d. n.d. n.d. 
H European Olive 19.9 ± 0.4 19.6 ± 0.2 19.3 ± 0.3 45.5 ± 13.7 65.0 ± 4.3 88.7 ± 3.5 
H Orange var. Valencia n.d. n.d. n.d. n.d. n.d. n.d. 
H Sunflower 24.2 ± 2.2 22.6 ± 1.8 22.5 ± 2.0 73.8 ± 27.2 79.6 ± 5.2 90.7 ± 9.5 
 Native       
H Coast Banksia 17.7 ± 0.7 17.7 ± 1.3 17.2 ± 0.6 75.2 ± 30.7 78.3 ± 13.0 85.0 ± 6.8 
M Coast Banksia 33.0 ± 10.6 29.3 ± 3.5 29.8 ± 3.5 37.0 ± 10.7 58.3 ± 9.7 76.7 ± 6.2 
H Firewheel Tree n.d. n.d. n.d. n.d. n.d. n.d. 
H Long-leaved Olive 15.8 ± 3.2 16.5 ± 3.1 17.2 ± 4.8 36.8 ± 12.0 48.5 ± 4.4 73.7 ± 6.1 
M Red-stemmed Wattle 26.5 ± 7.0 26.3 ± 4.9 24.2 ± 3.0 38.3 ± 11.0 62.8 ± 9.9 84.4 ± 8.0 
M Saw Banksia 36.3 ± 6.5 30.6 ± 6.3 28.8 ± 3.1 32.9 ± 7.0 58.8 ± 8.5 69.4 ± 17.0 
H Smooth-barked Kauri n.d. n.d. n.d. n.d. n.d. n.d. 
M Waratah 35.92 ± 12.38 29.94 ± 6.95 29.92 ± 7.29 34.23 ± 10.59 67.72 ± 21.88 73.94 ± 14.32 
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2.3.2 Leaf gas exchange measurements 
Leaf gas exchange measurements of the two varieties of citrus (Orange var. Valencia and 
Grapefruit var. Weeny) from before and after exposure to smoke produced from burning leaves of 
E. saligna are shown in Figure 2.3. Prior to exposure to smoke, rates of photosynthesis, stomatal 
conductance and transpiration were similar for all treatments for both Orange var. Valencia and 
Grapefruit var. Weeny. A significant difference was found for the fixed factor ‘treatment’ for both 
Orange var. Valencia and Grapefruit var. Weeny (GLM univariate analysis, df = 9.106, F = 19.639, P = 
<0.001 and df = 8.924, F= 17.674, P = 0.001, respectively). Exposure of leaves to smoke for 15 min 
caused an immediate and significant decline in photosynthesis, with a drop in rates from 9.33 to 
1.11 µmol m-2 s-1 for Orange var. Valencia and from 6.70 to 0.64 µmol m-2 s-1 for Grapefruit var. 
Weeny. In comparison, rates of photosynthesis for the control and bag treated plants remained 
similar (GLM univariate analysis, df = 9.106, P = 0.002 for Orange var. Valencia; df = 8.924, P = 0.670 
for Grapefruit var. Weeny). 
Stomatal conductance and transpiration rates for bag-treated plants showed a significant 
increase for Grapefruit var. Weeny immediately after 15 min of exposure to smoke (GLM univariate 
analysis, P = 0.003 and P = 0.001, respectively). For Orange var. Valencia there was also a small 
increase in stomatal conductance and transpiration immediately after exposure to smoke, this 
difference was not significant (GLM univariate analysis,P = 0.078 and P = 0.147, respectively). After 
150 min, stomatal conductance and transpiration for the bag treatment were similar to the control 
plants for both species (GLM univariate analysis, P = 1.000). Leaf gas exchange measurements were 
made again after 8640 min (6 d later) for Orange var. Valencia only and by this time, the ‘smoked’ 
(smoke+bag) leaves had fully recovered to pre-smoke levels with P = 1.000 (Figure 2.3a). For 
Grapefruit var. Weeny, gas exchange measures of leaves that had been smoked were still 
significantly lower than control and bag treatment leaves 24 h later (GLM univariate analysis, P = 
0.001).  
Rates of photosynthesis, stomatal conductance and transpiration of three species from the 
family Oleaceae; Long-leaved Olive and the exotics, European Olive and African Olive before and 
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after exposure to smoke are shown in Figure 2.4. For all species, the control and bag treatment 
followed the same pattern with no significant difference between them (GLM univariate analysis, 
Long-leaved Olive and European Olive, df = 9, P = 1.000, African olive, df = 9, P = 0.937). Immediately 
after 15 min of exposure to smoke, rates of photosynthesis of all species dropped to below zero (-
0.32, -1.69 and -0.92 µmol m-2 s-1 for the Long-leaved, African Olive and European Olive, 
respectively). After 24 h, the photosynthetic rate of leaves of Long-leaved Olive showed a small 
recovery (1.64 µmol m-2 s-1), whereas the photosynthetic rate of leaves of European Olive (-0.13 
µmol m-2 s-1) and African Olive (0.11 µmol m-2 s-1) remained close to zero.  
Immediately after exposure to smoke, rates of stomatal conductance and transpiration for the 
smoke treatment for the Olive species tested were not significantly different from the control for 
either species (GLM univariate analysis, P = 1.000 for stomatal conductance and transpiration for 
Long-leaved olive and European olive and P = 0.777 and P = 0.524 for African Olive for stomatal 
conductance and transpiration). However, when leaves were re-measured at 150 min after 
exposure to smoke, rates of stomatal conductance and transpiration of plants in the smoke 
treatment had reduced significantly compared to the control for Long-leaved olive and European 
olive (GLM univariate analysis, P = 0.004 and P = 0.003 for stomatal conductance, respectively; P = 
0.008 and P = 0.003 for transpiration). This difference persisted until 24 h after exposure to smoke 
(Figure 2.4). For African olive there was only a significant difference for transpiration at the 150 min 
measurement point (GLM univariate analysis, P = 0.008) and not for stomatal conductance (P = 
0.425). 
Gas exchange for three agricultural species characterised by having big thin leaves (Sunflower, 
Grapevine var. Chardonnay and Bitter Gourd) are presented in Figure 2.5. All three species had 
negative photosynthetic values at the 2 min measurement time, indicating that the plants were 
respiring. Photosynthetic rates dropped from 29.60 to -1.07, 16.80 to -2.42 and 10.13 to -0.47 µmol 
m-2 s-1, respectively.  The overall treatment effect on the photosynthetic rate showed a significant 
difference for each species (Sunflower: df = 7.909, F = 270.009, P <0.001; Grapevine var. 
Chardonnay: df = 8.922, F = 117.029, P <0.001; Bitter Gourd: df = 9, F = 24.634 and P <0.001). 
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Photosynthetic rates remained around zero (0.805, 0.560 and 0.090 µmol m-2s-1 for Sunflower, 
Grapevine var. Chardonnay and Bitter Gourd, respectively) until the 24 h measurement. At the 2 min 
measurement, immediately after the plants have been exposed to smoke, stomatal conductance 
and transpiration did not show a significant difference for the control and the smoke treatment 
(GLM univariate analysis, P >0.901 for stomatal conductance and P >0.398 for transpiration). Rates 
of stomatal conductance increased slightly for Sunflower ranging from 0.75 to 0.93 mol H2O m
-2s-1. 
At the 1440 min (24 h) measurement, all species except for stomatal conductance for Sunflower 
(GLM univariate analysis, P = 1.000) showed a significant difference between the control and the 
smoke treatment for stomatal conductance and transpiration (GLM univariate analysis, P <0.018 
and P <0.007, respectively). 
Gas exchange for the native species, Smooth-barked Kauri, Firewheel Tree and Red-stemmed 
Wattle, are presented in Figure 2.6 and for Saw Banksia and Waratah in Figure 2.7. For all species, 
rates of photosynthesis, transpiration and stomatal conductance followed a similar pattern with an 
immediate decrease in photosynthesis after exposure to smoke. Photosynthetic rates dropped from 
5.58 to 1.71, 7.33 to 0.826 and 9.32 to -1.26 µmol m-2s-1 for the Smooth-barked Kauri, Firewheel 
Tree and Red-stemmed Wattle. For Saw Banksia and Waratah, these rates went from 10.06 to -0.75 
and 11.04 to 0.54 µmol m-2s-1, respectively. The biggest reduction in gas exchange was measured for 
Red-stemmed Wattle (Figure 2.6c) with an immediate and significant decrease in photosynthesis 
(control versus smoke treatment at 2 min measurement point, GLM univariate analysis, P = 0.005) 
that continued for 24 h (control versus smoke treatment at 1440 min measurement point, GLM 
univariate analysis, P = 0.025). The smallest decrease at the 2 min measurement point was for the 
Smooth-barked Kauri, and together with the Fire-wheel Tree, showed no significant difference 
immediately after exposure to smoke (GLM univariate analysis, P = 0.136 and P = 0.206, 
respectively). The rate of photosynthesis for Firewheel Tree increased after 24 h with mean rate of 
2.270 µmol m-2s-1. The smoke treatment for Firewheel Tree and for Saw Banksia followed similar 
patterns for rates of stomatal conductance and transpiration with significant differences between 
the control and bag treatments (GLM univariate analysis, stomatal conductance: P >0.069 and P 
>0.450, respectively; transpiration: P >0.060 and P >0.442). 
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Figure 2.3 Effect of exposure to smoke from burning E. saligna leaves for 15 min on rates of 
photosynthesis (a, b), conductance (c, d), and transpiration (e, f) for Orange var. Valencia (a, c, e), 
and Grapefruit var. Weeny (b, d, f). The dotted line indicates the timing for application of the bag 
and smoke treatments. Symbols (circles) represent mean values (± standard deviation, n = 4). Post-
smoke measurements were taken after 8640 min (6 d) for Orange var. Valencia and after 1440 min 
(24 h) for Grapefruit var. Weeny. 
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Figure 2.4 Effect of exposure to smoke from burning Eucalyptus saligna leaves for 15 min on rates of photosynthesis 
(a, b, c), stomatal conductance (d, e, f), and transpiration (g, h, i) for Native Olive (a, d, g), European Olive (b, e, h), and 
African Olive (c, f, i). The dotted line indicates the timing for application of the bag and smoke treatments. Symbols 
(circles) represent mean values (± standard deviation, n = 4). Post-smoke measurements were taken at 1440 min (24 h). 
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Figure 2.5 Effect of exposure to smoke from burning Eucalyptus saligna leaves for 15 min on rates of 
photosynthesis (a, b, c), stomatal conductance (d, e, f), and transpiration (g, h, i) for Sunflower (a, d, g), Grapevine var. 
Chardonnay (b, e, h), and Bitter Gourd (c, f, i). The dotted line indicates the timing for application of the bag and smoke 
treatments. Symbols (circles) represent mean values (± standard deviation, n = 4). Post-smoke measurements were 
taken at 1440 min (24 h). 
74 
 
  
2 150 240 1440
Tr
an
sp
ir
at
io
n
 
(m
m
o
l H
2O
 m
-2
 s
-1
)
0
1
2
3
C
o
n
d
u
ct
an
ce
(m
o
l H
2O
 m
-2
 s
-1
)
0.00
0.05
0.10
0.15
0.20
Time after exposure to smoke (min)
2 150 240 1440
P
h
o
to
sy
n
th
es
is
 
(µ
m
o
l m
-2
 s
-1
)
0
4
8
12
16
2 150 240 1440
(a) (b) (c)
(d) (e) (f)
(g) (h) (i)
Bag 
Smoke 
Control 
Figure 2.6 Effect of exposure to smoke from burning Eucalyptus saligna leaves for 15 min on rates of photosynthesis 
(a, b, c), stomatal conductance (d, e, f), and transpiration (g, h, i) for Smooth-barked Kauri (a, d, g), Firewheel Tree (b, e, 
h), and Red-stemmed Wattle (c, f, i). The dotted line indicates the timing for application of the bag and smoke 
treatments. Symbols (circles) represent mean (± standard deviation) values, n = 4). Post-smoke measurements were 
taken at 1440 min (24 h). 
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Figure 2.7 Effect of exposure to smoke from burning Eucalyptus saligna leaves for 15 min on 
rates of photosynthesis (a, b), stomatal conductance (c, d), and transpiration (e, f) for Saw 
Banksia (a, c, e) and Waratah (b, d, f). The dotted line indicates the timing for application of the 
bag and smoke treatments. Symbols (circles) represent mean values (± standard deviation, n = 
4). Post-smoke measurements were taken at 1440 min (24 h). 
Time after exposure to smoke (min)
2 150 240 1440
Tr
an
sp
ir
at
io
n
 
(m
m
o
l H
2O
 m
-2
 s
-1
)
0
1
2
3
C
o
n
d
u
ct
an
ce
(m
o
l H
2O
 m
-2
 s
-1
)
-0.05
0.00
0.05
0.10
0.15
P
h
o
to
sy
n
th
es
is
 
(µ
m
o
l m
-2
 s
-1
)
-4
0
4
8
12
16
2 150 240 1440
(a) (b)
(c) (d)
(e) (f)
Bag 
Smoke 
Control 
76 
 
 
Figure 2.8 Effect of exposure to smoke from burning Eucalyptus saligna leaves for 15 min on 
rates of photosynthesis (a, b), stomatal conductance (c, d), and transpiration (e, f) for Coast 
Banksia (a, c, e) from Hawkesbury and from Mount Annan (b, d, f). The dotted line indicates the 
timing for application of the bag and smoke treatments. Symbols (circles) represent mean 
values (± standard deviation, n = 4). Post-smoke measurements were taken at 1440 min (24 h).  
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Rates of photosynthesis, stomatal conductance and transpiration before and after exposure 
to smoke for two common garden plantings of Coast Banksia are presented in Figure 2.8. For 
both species, rates of photosynthesis were similar for the control, bag and smoke treatment 
prior to exposure to smoke (Figure 2.8a, b, GLM univariate analysis, P >0.186 for Coast Banksia 
from Hawkesbury; P = 1.000 for Coast Banksia from Mount Annan). Photosynthetic rates 
dropped immediately after leaves were exposed to smoke and remained close to zero for the 
next 24 h. For both Coast Banksias, photosynthesis rates dropped to similar values below zero: -
0.95 and -1.25 µmol m-2s-1, respectively. In contrast, photosynthesis of leaves from control and 
bag treatments followed similar patterns throughout the entire period of measurement, with 
only a slight difference in rates of stomatal conductance and transpiration immediately after 
exposure to smoke for Coast Banksia from the Hawkesbury campus site. For this representative 
of Coast Banksia, the bag treatment has slightly higher values than the control for both 
stomatal conductance and transpiration but there was no significant differences (GLM 
univariate analysis, P = 0.183 and P = 0.152, respectively). Although rates of photosynthesis, 
stomatal conductance and transpiration for the control and bag treatment were lower for Coast 
Banksia from Mount Annan compared to the Coast Banksia from Hawkesbury, the overall 
pattern of leaf gas exchange was similar. 
Overall, there was a strong negative impact on gas exchange for all species tested (Table 
2.5). Immediately after exposure to smoke from burning E. saligna leaf litter the photosynthetic 
rate dropped for all species to around zero, with some species showing small increases in 
photosynthetic rate after 24 h and some species showing no recovery. For most species there 
was no difference between rates of photosynthesis of the control compared to the bag 
treatment strongly indicating that any reduction in gas exchange was due to smoke rather than 
increases in humidity caused by enclosing the branches for a short period of time.  
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Table 2.5 Photosynthetic, stomatal conductance and transpiration responses to exposure to 
smoke from burning E. saligna leaves for 15 min of a range of native and agricultural plant 
species. ‘Recovery’ indicates an increase in gas exchange; ‘no recovery’ indicates no increase in 
gas exchange after a 24 h period; † = at least 50% of the leaves had died within 24 h after 
exposure to smoke; H = Hawkesbury campus, M = The Australian Botanic Garden, Mount 
Annan. Bold letters indicate an immediate reduction with no recovery and italic letters indicate 
no immediate reduction and/or recovery visible within 24 h. 
Common name Response to smoke 
Photosynthesis Stomatal conductance Transpiration 
African Olive Immediate reduction with 
slight recovery after 24 h 
No immediate reduction 
and no recovery after 24 h 
Immediate reduction with 
no recovery after 24 h 
Bitter Gourd† Immediate reduction with 
no recovery after 24 h 
No immediate reduction 
and no recovery after 24 h 
No immediate reduction 
and no recovery after 24 h 
Grapefruit var. 
Weeny 
Immediate reduction with 
slight recovery after 24 h 
Immediate reduction with 
no recovery 
Immediate reduction with 
no recovery after 24 h 
Grapevine var. 
Chardonnay† 
Immediate reduction with 
no recovery after 24 h 
No immediate reduction 
and no recovery after 24 h 
No immediate reduction 
and no recovery after 24 h 
European Olive Immediate reduction with 
no recovery after 24 h 
No immediate reduction 
and no recovery after 24 h 
No immediate reduction 
and no recovery after 24 h  
Orange var. 
Valencia 
Immediate reduction with 
full recovery after 6 d 
Immediate reduction with 
full recovery after 6 d 
Immediate reduction with 
full recovery after 6 d 
Sunflower† Immediate reduction with 
no recovery after 24 h 
Immediate reduction with 
full recovery after 24 h 
Immediate reduction with 
slight recovery after 24 h 
Coast Banksia, 
(H and M) 
Immediate reduction with 
no recovery after 24 h 
No immediate reduction 
and no recovery after 24 h 
No immediate reduction 
and no recovery after 24 h 
Firewheel Tree Immediate reduction with 
no recovery after 24 h 
Slight reduction with no 
recovery 
Slight reduction with no 
recovery after 24 h 
Long-leaved 
Olive 
Immediate reduction with 
slight recovery after 24 h 
No immediate reduction 
and no recovery after 24 h 
No immediate reduction 
and no recovery after 24 h 
Red-stemmed 
Wattle† 
Immediate reduction with 
no recovery after 24 h 
No immediate reduction 
and no recovery after 24 h 
No immediate reduction 
and no recovery after 24 h 
Saw Banksia Immediate reduction with 
no recovery after 24 h 
No immediate reduction 
and no recovery after 24 h 
No immediate reduction 
and no recovery after 24 h 
Smooth-barked 
Kauri 
Immediate reduction with 
slight to no recovery 
No immediate reduction 
and no recovery after 24 h 
No immediate reduction 
and no recovery after 24 h 
Waratah Immediate reduction with 
no recovery after 24 h 
No immediate reduction 
and no recovery after 24 h 
No immediate reduction 
and no recovery after 24 h 
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2.4 Discussion 
2.4.1 Leaf gas exchange 
Smoke had a substantial effect on photosynthesis, causing immediate reductions in rates of 
carbon fixation for all species after exposure. A similar pattern was found for stomatal 
conductance and transpiration, albeit effects were more slow to register (by 150 or 240 min). 
Orange var. Valencia and Grapefruit var. Weeny were exceptions, showing immediate slowing 
in transpiration for both species and immediate reductions in stomatal conductance for Orange 
var. Valencia. No clear distinction was found between tested native and exotic species. Several 
native species maintained slow rates of photosynthesis for at least 24 h after exposure to 
smoke. While smoke had a negative effect on leaf gas exchange of all tested species, the 
Firewheel Tree, a native species, and Orange var. Valencia recovered best from exposure to 
smoke. The exotic species: Sunflower, Bitter Gourd, Grapevine var. Chardonnay, European 
Olive, and the native species: Red-stemmed Wattle, Saw Banksia and Coast Banksia were most 
affected by smoke, with photosynthesis remaining close to zero after 24 h post-exposure.  
Other studies have found similar immediate reductions in photosynthesis. After 1 min of 
exposure to smoke, Chrysanthemoides monilifera showed an immediate decrease in 
photosynthesis as a consequence of both stomatal and mesophyll effects (Gilbert and Ripley 
(2002). Rates of photosynthesis matched those of control (unsmoked) plants within 24 h. 
Populus tremuloides, Acer glabrum, Quercus gambelii, Pinus ponderosa, Pseudotsuga menziesii 
and Picea pungens were exposed to 20 min of smoke in a study by Calder et al. (2010). 
Similarly, there was an immediate decrease in photosynthesis for all species, but within 30 min, 
this reduction was no longer significant for Pseudotsuga menziesii and within 310 min, rates of 
photosynthesis for all species had fully recovered. Cowan (2010) noted an immediate reduction 
in rates of photosynthesis of Nicotiana tobacum leaves after exposure to smoke for periods of 
15 and 45 min and concluded that it was most likely due to stomatal closure and chemical 
responses. An assortment of grapevine varieties all showed an initial decrease in 
photosynthesis, stomatal conductance and transpiration after exposure to smoke and rates of 
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recovery ranged from rapid and full return to pre-smoke levels of gas exchange to no recovery 
after 250 min (Bell et al. (2013). 
Leaf necrosis was apparent within 24 h for several species (e.g. Sunflower, Bitter Gourd, 
Grapevine var. Chardonnay and Red-stemmed Wattle; Table 2.5). These species had very thin 
leaves, which might be an indication that species with this type of leaf anatomy are more 
vulnerable to smoke (see Chapter 4). Gilbert and Ripley (2002) observed leaf wilt followed by 
leaf necrosis and shoot death when Chrysanthemoides monilifera was exposed to smoke for 5 
min. However, Cowan (2010) did not find necrosis in Nicotiana tobacum leaves even when 
exposed to smoke for 45 min. Species-specific responses may be due to a number of factors 
including leaf anatomy and smoke composition and concentration as a result of combustion of 
different fuel types coupled with exposure time. The species that seem to cope best with 
exposure to smoke, the native tree species, Firewheel, and Orange var. Valencia, had similar 
leaf morphologies. Both have relatively thick leaves, with a smooth glossy surface and no hairs 
on either side. In contrast, species with thin leaves did not withstand smoke physically or 
physiologically. Hairs on either leaf surface seemed to have a negative effect on leaf-gas 
exchange when plants were exposed to smoke. Studies have shown that PM attach better on 
leaves that have hairs and an uneven surface compared to smooth waxy leaves (Koch et al. 
2009). Particulate accumulation on leaf surfaces might interfere with leaf gas exchange as is 
suggested in studies about dust accumulation on leaves (Prajapati 2012). The importance of 
leaf morphology and anatomy in coping with exposure to smoke will be investigated in Chapter 
4. The importance of different fuel types and resulting smoke composition and concentration 
will be investigated in Chapters 3 and 5, respectively. 
2.4.2 Experimental design 
In this study, smoke was produced using leaf litter of E. saligna combusted in a bee-smoker. 
A similar method was used by Gilbert and Ripley (2002) and Bell et al. (Gilbert and Ripley 2002; 
2013). During application of all smoke treatments, the full amount of fuel was never completely 
burnt and the total amount of fuel burnt was somewhat different each time. Although the burn 
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was executed in the same way for every treatment and the fuel was homogenized as much as 
possible, differences in the packing of the fuel and the burn itself undoubtedly caused variation 
in the amount and composition of the smoke produced. To make sure that the leaves were 
exposed to similar amounts of smoke, smoke was pumped into bags until the leaves were 
‘covered’ and the bags were ‘filled’ (see Fig. 2.2.b). At this point there is no way of knowing if 
and how smoke treatments varied from plant to plant and how much an effect this had on 
species-specific responses. It is also not known if levels of exposure to smoke were more 
representative of situations created in wildfires or prescribed burning. Regardless of the 
variability in smoke composition and concentration in this study, as leaves were exposed to 
‘extreme’ smoke conditions, this method allowed good insight of how leaf gas exchange for a 
range of species was affected by smoke.  
Enclosing branches in a heat-proof bag for 15 min did not significantly affect rates of 
photosynthesis, but did result in small increases in stomatal conductance and transpiration 
rates for some species immediately after the bag was removed (e.g. Figure 2.1 and 2.3). This 
small increase was minimal and rates of gas exchange were the same as the control after 150 
min. Similarly, there were no significant changes in temperature inside the bag when placed 
around a branch for 15 min, but humidity increased for all species. For some of the species, the 
small increase in stomatal conductance after bags were removed might be attributable to the 
increase in humidity. An increase in relative humidity and therefore a decrease in vapour 
pressure deficit will cause stomatal apertures to open. Conversely, while exposed to smoke, 
plants are subject to increased levels of CO2, large amounts of other gaseous pollutants, PM 
and decreased light levels. Darkness, increased CO2 levels (Assmann 1993) and pollutants (Jarvis 
and Morison 1981) tend to cause closure of stomatal apertures. Whereas an increase in 
humidity benefitted photosynthesis and reduced stomatal conductance, the effects of smoke 
exposure is likely to have had been greater.  
Due to the large number of species tested, weather conditions and an unavoidable shortage 
of equipment, the implementation of this study was spread out over several months. Leaf-gas 
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exchange measurement can change substantially during this long time period due to seasonal 
variation (DePuit and Caldwell 1973), but also diurnal variation within species occurs. Leaf age 
can also cause variation in photosynthesis (Field and Mooney 1983; Warren and Adams 2001). 
During autumn, diurnal patterns of gas exchange differ due to a decrease in day length. Rates of 
photosynthesis are generally lower during late autumn and winter and increase with the onset 
of spring and summer. Exposure of plants to smoke at different stages of growth may have 
different impacts on gas exchange. For example, exposure to smoke during the growing or 
flowering season may mean the plant is more vulnerable. While there is limited physiological 
relevance, there are strong indications that smoke taint in wine is greater in grapevines that are 
exposed to smoke during fruiting than at other times of the year (Kennison et al. 2009b).  
Smoke composition is largely determined by fuel type (Ward 1999). Combustion of leaf 
litter from E. saligna will definitely result in smoke of a different composition than when 
burning, for example, grasses. Exposure to smoke from combustion of different types of fuel is 
therefore likely to result in different effects on leaf gas exchange. This will be investigated 
further in Chapter 3. Furthermore, the concentration of smoke appears to be an important 
factor in the immediate decrease in photosynthesis. The impact of different concentrations of 
smoke on leaf gas exchange of plants is investigated further in Chapters 5 and 6. 
2.5 Conclusions 
The aim of this study was to identify differences in leaf gas exchange of a range of native 
and exotic plant species, including agriculturally important species, after exposure to smoke 
from burning E. saligna leaf litter. This research showed that the impact of smoke on leaf gas 
exchange of the 15 species tested is substantial. There was an immediate decrease in 
photosynthesis after exposure to smoke which lasted for at least 24 h for all species tested. 
There was no clear indication that native species from fire-prone environments were able to 
withstand smoke exposure any better than those from non-fire-prone environments. On the 
other hand, it was apparent that leaf morphology and anatomy may play a vital role in the 
extent to which the leaf gas exchange is affected. 
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Chapter 3 Plant physiological responses to smoke from combustion of different 
types of fuel 
3.1 Introduction 
Although bushfires have been part of the terrestrial environment for millennia, the impact 
of by-product smoke on the atmospheric environment was not properly recognized until the 
late 1970s (Langmann et al. 2009). Due to the advent of satellite imaging and improved 
equipment for measuring air quality, including particulate matter (PM), much more information 
has become available. We now know that bushfires not only pollute the troposphere, but can 
also pollute the stratosphere. Pyrocumulonimbus activity – smoke plumes released with so 
much energy that they enter the stratosphere – is largely responsible (Fromm et al. 2000; 
Fromm and Servranckx 2003). 
A difference between bushfires and prescribed burns on the one hand, and most other sources 
of air pollution on the other, is that fires pollute the atmosphere with a sudden burst of 
concentrated emissions over a relatively short amount of time. Compositions of emission 
plumes from fires in forests are complex and, due to inefficient combustion, may contain 
hundreds of different compounds (Ottmar 2014). Carbon dioxide and carbon monoxide are the 
two main gaseous components released during the burning of plant biomass. The composition 
of smoke from bushfires and prescribed burns depends on several factors including fuel type, 
structure, loading, moisture content and chemical composition, but is also determined by fire 
behaviour (Christian et al. 2003) (see Chapter 1). Of these factors, fuel type plays an important 
role in smoke composition as each plant species has their own distinctive chemical composition 
prior to combustion (Oros et al. 2006).  
Differences among the effects of smoke produced by burning different types of fuel on 
plants are relatively unknown. Studies on smoke taint in wine have primarily used straw as a 
fuel type (Kennison et al. 2007; Kennison et al. 2009b; Wilkinson et al. 2011). Bell et al. (2013) 
found that for varieties of grapevines that were susceptible to a reduction in leaf gas exchange 
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after exposure to smoke, the type of fuel used was important. It is not known how the 
composition of smoke produced from combustion of fuel changes with fuel with different ratios 
of lignin to cellulose (e.g. straw compared to wood). 
The previous chapter recorded the effects of smoke produced from combustion of a single 
type of fuel on rates of gas exchange by a range of native and agricultural plant species. The aim 
of this chapter is to elucidate how plant physiology is affected by smoke produced by burning 
different types of fuel in the form of leaf litter. It is hypothesized that leaf litter typical of 
different ecosystems, for example, forest versus grassland, will have different effects on the 
leaf gas exchange of both native and exotic plant species. It is further hypothesized that the 
reason for such differences will be due to variation in gaseous and PM composition of the 
smoke from different fuel types. To test the first hypothesis and part of the second, five types 
of leaf litter were selected, including leaves of Eucalyptus saligna, needles from Pinus radiata, 
wheat straw, litter from the floor of a Eucalyptus forest and a mixture of native and exotic 
grasses from local grassland. I report here the gaseous composition of the smoke produced by 
burning five different fuel types and its effects on the leaf gas exchange of one native and three 
exotic plant species. 
3.2 Methods 
3.2.2 Species and fuel selection 
In the first study, 15 agricultural and native plant species were exposed to smoke from 
burning of E. saligna leaves (see Chapter 2). The selection of species used in this study was 
based on the outcome of the first study depending on the relative effect of smoke on leaf gas 
exchange. Three of the four species chosen were woody perennial trees: two of these were 
common agricultural species (Orange var. Valencia and European Olive) and one was the native 
species, Waratah (Telopea speciossissima var. Starfire). This study also included a herbaceous 
species, Strawberry (Fragaria x ananassa var. Redland Joy) and it was used in later studies 
(Chapter 5 and 6). Sunflower (Helianthus annuus var. Dwarf Sunsation) was also exposed to the 
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five different fuel types, but instead of leaf-gas exchange measurements, I determined leaf 
survival/mortality due to smoke exposure. 
For the current study, five different fuel types were selected including: leaves from E. 
saligna, needles from P. radiata, a mixture of leaf litter from a Eucalyptus forest, a mixture of 
native and exotic grasses, and commercially available wheat straw. These fuel types were 
chosen on the basis that they either represent an ecosystem in Australia (e.g. Eucalyptus forest 
litter and mixture of native and exotic grasses), are a common plantation species in Australia (P. 
radiata), a common tree species in NSW (E. saligna) or have been used in other comparative 
published studies (wheat straw). 
3.2.1 Site description 
The fuels used were collected from four different sites and the wheat straw was obtained 
from a local commercial supplier. Leaf litter from E. saligna was collected from underneath a 
small plantation of this species at the Hawkesbury campus site in March 2011 (see Chapter 
2.2.1). Pinus radiata needles were collected from a small plantation located next to the Plant 
Breeding Institute of the University of Sydney in Cobbitty in March 2012. The mixture of native 
and exotic grasses was collected from Mount Annan (for site description see Chapter 2.2.1) in 
February 2012. The mixture included native grasses, Kangaroo Grass (Themeda triandra 
Forssk.), Native Fescue (Festuca sp. L.) and Hedgehog Grass (Echinopogon caespitosus C.E. 
Hubb.), and exotic grasses included Dallisgrass (Paspalum dilatatum Poir.), Setaria (Setaria 
sphacelata (Schumach.) Stapf & C.E. Hubb.) and African Feathergrass (Pennisetum macrourum 
Trin.). 
The Eucalyptus forest litter was collected from a Lowland eucalypt forest (Ecological 
Vegetation Class 16) described by the Ecological Vegetation Class descriptions (Victorian 
Department of Sustainability and Environment 2004). The forest was located near Orbost in the 
East Gippsland region of Victoria (37°42′ 0″ S, 148° 27′ 0″) and leaf litter was collected in March 
2011. The overstorey tree layer of this forest type is dominated by Yellow Stringybark 
(Eucalyptus muelleriana A.W. Howitt), White Stringybark (E. globoidea Blakely) and Yerchuck (E. 
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consideniana Maiden). Sunshine Wattle (Acacia terminalis (Salisb.) J.F.Macbr.), Black Wattle (A. 
mearnsii D. Wild.), Burgen (Kunzea ericoides (A.Rich.) Joy Thomps.) and Bracken (Pteridium 
esculentum (G.Forst.) Cockayne) dominate the understorey. Forest litter (>2.5 cm in diameter) 
was gathered from the floor without collection of the underlying mineral soil.  
The trees of Orange var. Valencia and European Olive used in this study were the same 
plantings as described in Chapter 2.2.1. Gas exchange measurements using Waratah were done 
at a horticultural business called Brimstone Waratahs located in Oaks, NSW about 50 km south 
west of Sydney. 
De-leaved strawberry runners were purchased from Sweet’s Strawberry Runners and re-
potted in October 2012 (see Chapter 5). Individual plants were planted in 10 L black plastic pots 
containing soil consisting of 50% commercially prepared ‘Vegetable and Herb’ soil mix, 37.5% 
sand and 12.5% peat. The strawberry plants were grown in a temperature-controlled 
glasshouse located on the Camperdown campus of the University of Sydney. The day and night 
temperatures in the glasshouse were set to 25 and 19 °C, respectively, and the plants were 
watered every third day with 500 ml of tap water. Apart from the addition of slow-release 
fertilizer (Osmocote®, Scotts Australia Pty Ltd, Bella Vista, NSW, Australia) at the time of 
repotting, the plants received no additional fertilizer. Three weeks after the strawberries were 
re-potted, all emerging flowers and new runners were removed (November 2012), and this 
practice was continued as required for the remainder of the study. Pest control (Pest Oil®, 
Yates, Padstow, NSW, Australia) was administered as required. 
3.2.3 Generation of smoke 
Smoke was generated in the same way as for the first study (see Chapter 2.2.3) using a bee 
smoker. All the five fuel types were air-dried and leaves of E. saligna and forest leaf litter were 
cut into 30 × 30 mm pieces to produce an even and homogenized mixture. The other three fuel 
types were mixed well but were not cut into small pieces to prevent the fuel from lying flat in 
the bee smoker. For all fuel types, 10 g aliquots were weighed using a balance accurate to three 
decimal places. This amount was chosen since it was the minimum amount of fuel needed for 
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lighting the fuel using a butane lighter. After the fuel had ignited, smoke was pumped into a 
heat-proof bag surrounding the sample leaves; the bag was sealed and remained there for 15 
min. For each species and fuel type tested, all replicates (n = 4) were treated on the same day 
and photosynthetic measures were made between 09:00 am and 18:30 pm. After smoke was 
pumped into the bag and the remaining fuel had cooled down, it was collected in paper bags 
and analysed for amount burnt and unburnt using a balance accurate to three decimal points. 
This information was used in determining emission factors of selected gases. 
3.2.4 Photosynthetic measurements 
Photosynthetic measurements were taken in a similar way as described in Chapter 2.2.4 by 
using an open Infrared Gas Analyser, Li-Cor 6400 Portable Photosynthesis System (Li-Cor Inc., 
Lincoln, NE, USA). Some small modifications were made in the user settings. These variations 
included the humidity inside the chamber being kept constant between 50 and 70% and the 
leaf temperature was held at 25 °C for all measurements. Again, I-buttons (1-Wire Hygrochron 
I-button, Embedded Data Systems, Lawrenceburg) were used to measure changes in 
temperature and humidity inside and outside the bags. 
For each replicate plant, three branches were selected and the first three fully-expanded 
leaves from the tip were tagged. The same three treatments as described in Chapter 2 have 
been used for this experiment, e.g a control with no treatment, a clear heatproof bag placed 
over the leaves for 15 min (‘bag treatment’) and a clear heatproof bag with smoke added in was 
placed over the leaves and sealed to the branch for 15 min (‘smoke treatment’).   
3.2.5 Analysing leaf gas exchange data 
To reduce the effect of daily variation caused by circadian rhythms of plants, the raw 
measurement data were corrected. This was done by firstly calculating the ratio of gas 
exchange data related to the control plants at each time point (t) after exposure to smoke 
(referred to as the ‘Control smoke’; Fig. 3.1) to data for the control plants prior to any plants 
being exposed to smoke (referred to as ‘Control pre-smoke’). The corrected control was then 
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multiplied by data for plants that were exposed to smoke (referred to as ‘Smoke’) for each time 
point (t) using Eqn. 3.1. 
 
 
Figure 3.1 The terminology used for correcting gas exchange data (i.e. rates of 
photosynthesis, transpiration and stomatal conductance. 
 
3.2.6 Analysing combustion products of different fuel types 
A Mass-Loss Cone calorimeter (MLC; Fire Testing and Technology, East Grinstead, UK) was 
used to measure the gaseous combustion products of the five different fuel types. The settings 
for the MLC were as described in Possell and Bell (2013). In brief, the MLC consists of an 
enclosed chamber that is supplied with compressed air at a flow rate of 140 L min-1 and has a 
60 cm stainless steel cone placed on top where the stainless steel thermocouples are attached. 
As described in the ISO 13927 standard (ISO, 2001), heat rate release calibration was done by 
burning high purity (99%) methane gas (BOC Ltd., North Ryde, Australia) under the cone while 
the heat response of the thermopile was recorded (see Fig. 3.2a). Air temperature readings of 
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the gas samples analysed were measured inside the manifold and the chimney using type K 
thermocouples connected to a digital acquisition board (Model NI USB-9211A; National 
Instruments Australia, North Ryde, Australia). 
Three replicates of a known amount of each fuel type were burnt in the MLC and the energy 
output, fuel mass loss and products of combustion were recorded and analysed. The fuel 
samples were trimmed to fit into a 10 × 10 cm specimen holder. A ceramic wool blanket was 
placed inside the specimen holder and a stainless steel grid of 5 cm height was placed along the 
edges of the holder to contain the specimens and to allow diffusion of air through the sample 
(porosity of specimen holder was 27%). To determine the weight of the ash remaining after the 
burn and to prevent any loss of the ash, the samples were placed on an aluminium foil tray, the 
weight of which was recorded beforehand. The electric cone heater was set to a constant heat 
flux of 25 kW m-2 at 25 mm separation between the cone and the sample holder. A heat flux of 
25 kW m-2 was chosen since it exceeds the average incident radiant flux of 20 kW m-2 needed to 
ignite a solid wood surface during a short exposure time (Babrauskas 2002). Before the start of 
each sample run, a baseline measurement was created with no sample in place and the 
shutters under the cone heater open. Baseline data was collected for 1 min with a 
measurement taken every second. The shutter under the cone heater was then closed and the 
sample was carefully placed on the specimen support holder. The system was allowed to 
stabilise for 40 s prior to ignition. Flame ignition and flame turn-out were recorded for a 300 s 
run. The smoke produced during combustion was drawn up into the cone on top of the 
calorimeter where it was sampled via a gas-sampling ring located 5 cm above the 
thermocouples. Smoke was pulled through the gas sampling ring at a speed of 2 L min-1 into a 
stainless steel housing (Model H130; Head Line Filters, Aylesford, UK) where a glassfibre 
microfibre filter (Head Line Filters, Aylesford, UK) heated to 200 °C removed 99.5% of particles 
>0.1 µm. Following this, the air was pumped through a line heated to 200 °C into a sampling 
manifold where it was diluted with ambient air by 50% and filtered through silanised glass 
wool. This step is necessary to ensure that the air pumped into the manifold is within the linear 
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range for subsequent gas analysis. After combustion, the final mass of the ash was determined 
to calculate weight loss. 
One airstream was pumped from the manifold into a CO2 and CO non-dispersive infrared 
gas analyser (Models 410i and 48i respectively, Thermo Fisher Scientific Australia Pty. Ltd., 
Melbourne, Australia). Both CO2 and CO data were measured in ppm at 1 Hz. Emission factors 
for CO2, CO and volatile organic compounds (VOCs) were determined using the equation given 
by Soares et al. (2011): 
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Where EFX is the emission factor for CO2, CO or the VOCs analysed (X) and expressed as the 
amount of fuel burnt per kg burned dried biomass. VChimney is the total volume of gas flow in the 
chimney for the duration of the burn (m3) and mfuel is the amount of fuel consumed (kg) on a 
dry fuel basis; Mx is the molecular weight of species X (g mol
-1) and Vx is the molecular volume 
of the gas given a standard temperature and pressure (m3). 
Another airstream was guided to a high-resolution Proton Transfer Reaction-Mass 
Spectrometer (PTR-MS; Ionicon GmbH, Innsbruck, Austria) for analysis of mixing ratios of VOCs 
(VMRs). The PTR-MS was used in scan mode and masses were measured ranging from m/z 20 
to m/z 220 having a dwell time of 0.1 s per mass. The drift tube settings of the PTR-MS were 2.2 
hPa, 50 °C and 600 V. The standard PTR-MS operative settings for the collision energy (E/N) was 
set to 125 Td (~1.25 × 10-15 V cm2) with a reaction time of ~100 µs. The transmission-based 
approach of Taipele et al. (2008) was used for calculating all VMRs of the m/z 20 to m/z 220 
ratio. To ensure that the PTR-MS was recording accurately, it was calibrated at regular intervals 
using a gas standard (Apel-Riemer Environmental Inc., Broomfield, USA). This standard 
consisted of methanol, acetonitrile, acetaldehyde, acetone, isoprene, benzene and camphene 
at nominal concentrations of 5.0 ppmv. Different dilutions were made for this gas using 
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artificial air (BOC Ltd., North Ryde, Australia). Due to the lack of an empirical transmission 
coefficient for m/z for the standard gas, there is an increase in uncertainty for the VMR data. 
For Taipale et al. (2008) these uncertainties were less than 30%, which is consistent with other 
studies (e.g. (Misztal et al. 2011)). In this study, the PTR-MS was used as a quantification tool 
for VOCs, therefore to be able to identify the VOCs released during combustion, air was 
sampled from the manifold for the duration of the test in sampling tubes containing Tenax TA 
(60-80 mesh; Sigma-Aldrich, Sydney, Australia). The tubes were placed in an automated thermal 
desorption system (UNITY 2; Markes International Ltd., Llantrisant, UK) connected to a BP-1 
100% dimethyl polysiloxane capillary gas chromatography (GC; SGE Analytical Science Pty. Ltd., 
Melbourne, Australia). For each tube, the gas was first desorbed for 5 min at 280 °C and 
captured on a single point on a cold trap (Tenax TA; Sigma-Aldrich, Sydney, Australia) for 6 min 
at -10 °C. A flash heat pulse of 300 °C was released onto the cold trap to free the gases which 
were then injected into a 200 °C line and transported to the GC for analysis. All samples were 
measured in this way within 24 h after capture. The initial settings for the GC oven was 35 °C  
for 5 min, which was then heated to 150 °C at  a rate of 4 °C  min-1, and in the final stage heated 
to 320 °C at a rate of 10 °C min-1. The gas sample was held at this last temperature for 10 min 
before it was transferred to the coupled mass spectrometer (MS; Model 5975C; Agilent 
Technologies Pty. Ltd., Melbourne, Australia). 
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Figure 3.2 Burning methane for calibration of the Mass-loss cone calorimeter (a) and 
experimental set-up for burning material and measuring gases produced (b). The experimental 
set-up in (b) is composed of: (1) Mass-loss cone calorimeter, (2) chimney with internal gas 
sampling ring, (3) heated sampling line, (4) infrared gas analysers for CO and CO2, and (5) 
Proton Transfer Reaction-Mass Spectrometer. 
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3.2.7 Statistical analysis 
Temperature and humidity inside the bag (bag and smoke treatment) and next to the plant 
(control treatment) were recorded every min for the entire treatment of 15 min. The means for 
temperature and humidity were then calculated for each species (n = 4) and for each fuel type 
and analysed using General Linear Model (GLM) univariate analysis. Data for leaf gas exchange 
measurements were analysed using a two-way repeated ANOVA. The effect of time and the 
interaction between time and treatment were analysed for each fuel type and for each species. 
In the few cases where the sphericity of data was violated, a correction was made for the 
degrees of freedom by using the Greenhouse-Geisser estimates of sphericity. The effect of 
smoke on a certain time point was analysed using the GLM univariate unalysis. For the gases CO 
and CO2, mean values (± standard deviation) of emission factors (EF) were calculated and the 
difference between the fuel types were analysed by a GLM univariate analysis followed by a 
Bonferroni correction post-hoc test to determine the differences among fuel types. Mean 
values (± standard deviation) were also calculated for EF for VOCs and analysed using GLM 
univariate analysis followed by a Bonferroni correction post-hoc test when necessary to 
determine differences among fuel types. Since the assumption for equality of variances was 
violated for most of the compounds tested, the VOC data was transformed using log10 prior to 
statistical analyses. After transformation the data did show equality of variances. The software 
IBM SPSS Statistics 22 was used for all statistical analyses. 
3.3 Results 
3.3.1 Environmental conditions 
Sampling and basic environmental information varied considerably for each plant species 
tested depending on the time and day of sampling (Table 3.1). However, enclosing branches in 
a heatproof bag for the duration of the bag and smoke treatments had no effect on 
temperature (Table 3.2; GLM univariate analysis, P >0.05 for most fuel types). The exceptions 
were when P. radiata needles were used as fuel for both bag and smoke treatments of Waratah 
(GLM univariate analysis, F = 20.948, P = 0.004 and F = 7.600, P = 0.033, respectively), when E. 
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saligna leaves were used as fuel for bag treatment of European Olive (GLM univariate analysis, 
F = 10.535, P = 0.018), and when straw was used as fuel for smoke treatment of Strawberry 
(GLM univariate analysis, F =14.337, P = 0.009). In contrast, smoke treatments resulted in 
significant differences in relative humidity between the heatproof bag compared to ambient 
relative humidity for most fuel types (GLM univariate analysis, F ranged from 19.369 to 
237.286, P ≤0.01). Two exceptions to this pattern were found when grass was used as fuel for 
smoke treatment of Orange var. Valencia (GLM univariate analysis, F = 2.173, P = 0.191), and 
when straw was used as fuel for smoke treatment of European Olive (GLM univariate analysis, F 
= 0.981, P = 0.360). There was a similar general pattern of significant differences in relative 
humidity for the bag treatment compared with the control treatment, with the only exceptions 
being when forest litter, P. radiata needles, grass and straw were used for the smoke treatment 
of European Olive (GLM univariate analysis, P = 0.096, P = 0.178, P = 0.055 and P = 0.487, 
respectively). It should be noted that the relative humidity on the day of measurement for 
these species was relatively high compared to other days of measurement (Table 3.1).  
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Table 3.1 Sampling information for plant species tested. Measurements for relative humidity (RH) were taken at 09:00 am and at 
15:00 pm recorded by the weather station that was closest to the study site (see Chapter 2; data courtesy of Bureau of Meteorology, 
2012). Sampling time is presented in 24:00 h; n.d. = data not determined; chlorophyll content is presented as mean ± standard 
deviation; E. saligna = Eucalyptus saligna; P. radiata = Pinus radiata. 
Species Fuel type Sample date 
Sampling 
time 
Min and max 
temperature 
(°C) on day 
Min and 
max RH 
(%) on day 
Chlorophyll 
content 
(SPAD units) 
Waratah E. saligna 13/03/2012 11:30-16:53 13.2-27.4 84 (09:00) 54.75 ± 2.06 
Forest litter 5/03/2012 11:50-17:26 16.2-27.4 53-64 53.33 ± 3.78 
 P. radiata 26/03/2012 11:09-16:59 12.6-25.3 n.d. 54.50 ± 1.72 
 Grass mix 27/02/2012 11:05-16:46 20.2-30.5 57 (15:00) 52.50 ± 1.60 
 Straw 12/03/2012 12:03-17:31 16.5-25.6 84 (09:00) 55.35 ± 0.65 
Orange var. 
Valencia 
E. saligna 18/03/2011 09:26-15:04 20.6-24.3 61-77 65.13 ± 3.62 
Forest litter 20/03/2012 10:37-16:36 15.0-24.0 55-86 77.15 ± 6.48 
 P. radiata 3/04/2012 11:19-16:35 14.2-29.1 33-99 n.d. 
 Grass mix 15/03/2012 10:27-16:25 17.3-30.0 54-82 n.d. 
 Straw 2/04/2012 10:53-16:56 14.5-26.7 51-82 n.d. 
European Olive E. saligna 4/04/2012 11:18-15:15 14.6-28.2 51-80 n.d. 
Forest litter 2/05/2012 10:41-15:32 8.0-25.5 41-99 n.d. 
P. radiata 14/05/2012 10:06-16:24 0.6-17.7 37-84 n.d. 
Grass mix 1/05/2012 10:36-15:54 8.7-22.8 49-98 n.d. 
Straw 7/05/2012 10:28-15:34 5.6-18.3 46-93 n.d. 
Strawberry E. saligna 26/11/2012 11:20-17:30 20.1-25.0 74-84 30.60 ± 0.71 
Forest litter 8/12/2012 10:53-16:03 18.5-28.4 55-65 28.25 ± 0.87 
P. radiata 6/12/2012 10:31-16:15 14.4-22.1 37-42 30.38 ± 0.66 
Grass mix 5/12/2012 12:31-18:10 15.5-26.1 16-23 31.55 ± 1.61 
Straw 7/12/2012 10:25-16:12 17.2-23.9 50-52 30.80 ± 0.51 
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Table 3.2 Mean (± standard deviation) temperature and humidity for the control (ambient) and bag and smoke treatments 
(inside heatproof bags). n.d. = data not determined; E. saligna = Eucalyptus saligna; P. radiata = Pinus radiata. 
  Temperature (°C)  Humidity (%) 
Species Fuel Control Bag Smoke  Control Bag Smoke 
Waratah 
 
E. saligna 37.17 ± 5.51 35.52 ± 4.50 33.05 ± 1.26  39.66 ± 5.02 54.85 ± 7.54 66.32 ± 1.88 
Forest litter 40.71 ± 5.20 34.86 ± 3.63 34.76 ± 4.97  33.03 ± 5.99 70.95 ± 21.59 74.79 ± 15.58 
 P. radiata 41.30 ± 5.09 30.92 ± 3.03 32.10 ± 1.28  36.23 ± 6.18 62.12 ± 18.57 36.52 ± 4.29 
 Grass mix 34.89 ± 1.97 32.35 ± 1.15 32.91 ± 1.70  52.65 ± 10.19 75.90 ± 11.09 82.64 ± 8.82 
 Straw 38.07 ± 6.66 32.28 ± 3.83 32.89 ± 1.61  41.25 ± 8.70 54.85 ± 7.54 71.00 ± 4.12 
Orange var. 
Valencia 
E. saligna n.d. n.d. n.d.  n.d. n.d. n.d. 
Forest litter 36.61 ± 1.26 36.27 ± 3.36 33.61 ± 6.12  36.69 ± 1.51 44.34 ± 3.10 64.03 ± 6.44 
 P. radiata 33.30 ± 4.24 27.06 ± 4.03 27.75 ± 5.87  26.18 ± 4.61 54.00 ± 3.68 64.92 ± 9.73 
 Grass mix 33.71 ± 4.21 33.29 ± 1.65 35.83 ± 7.24  42.15 ± 6.18 53.33 ± 3.08 56.30 ± 17.51 
 Straw 25.25 ± 3.50 23.16 ± 2.89 23.53 ± 3.76  42.19 ± 10.70 62.00 ± 6.83 72.73 ± 2.20 
European Olive E. saligna 43.62 ± 4.45 24.03 ± 27.70 36.57 ± 6.47  34.72 ± 6.21 57.53 ± 13.49 43.10 ± 4.17 
Forest litter 29.83 ± 3.97 28.12 ± 1.66 27.44 ± 2.17  53.51 ± 13.4 62.05 ± 6.50 83.30 ± 3.11 
 P. radiata 28.85 ± 1.70 28.66 ± 1.37 29.29 ± 1.87  55.45 ± 15.22 62.83 ± 6.10 85.97 ± 1.99 
 Grass mix 34.45 ± 3.83 32.77 ± 2.28 32.6 ± 0.44  49.41 ± 9.89 60.90 ± 5.63 76.51 ± 1.42 
 Straw 26.69 ± 0.79 26.38 ± 0.83 26.6 ± 0.60  58.12 ± 17.18 60.93 ± 5.28 60.66 ± 4.17 
Strawberry E. saligna 28.11 ± 1.38 30.82 ± 2.58 30.46 ± 2.00  44.33 ± 8.97 63.31 ± 6.78 69.99 ± 5.23 
Forest litter 30.61 ± 1.63 32.15 ± 2.45 32.60 ± 2.39  40.09 ± 5.88 60.66 ± 4.44 70.87 ± 11.67 
 P. radiata 30.20 ± 0.95 32.74 ± 1.96 32.08 ± 3.21  39.17 ± 5.01 56.54 ± 6.84 74.40 ± 4.33 
 Grass mix 29.53 ± 1.83 32.02 ± 1.53 32.29 ± 2.20  37.32 ± 4.99 57.31 ± 6.20 66.25 ± 6.05 
 Straw 28.55 ± 0.84 30.10 ± 2.06 30.18 ± 1.09  44.75 ± 8.71 61.23 ± 7.25 72.67 ± 3.97 
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3.3.2 Leaf gas exchange measurements 
To determine if smoke had a greater effect than just leaf gas exchange, leaf survival was 
determined by examining the leaf for signs of necrosis one week after smoke treatment. All 
leaves of European Olive and strawberry were dead after exposure to smoke from all five fuel 
types (Table 3.3). Orange var. Valencia showed the best survival with no signs of necrosis after 
exposure to smoke from burning E. saligna leaves and forest litter. Straw had the most 
noticable effect on leaf survival compared to other fuel types with leaf death occuring for all 
species when exposed to 15 min of smoke. 
Table 3.3 Survival of leaves after 1 week past exposure to smoke: = 100% still alive, O = 
between 40 and 50% died, † = 100% died, n.d. = data not determined. 
Species 
E. saligna 
leaves 
Forest 
litter 
P. radiata 
needles 
Mixture of 
exotic and 
native grasses Straw 
Waratah O O n.d. O † 
Orange var. Valencia   O O † 
European Olive † † † † † 
Strawberry † † † † † 
Sunflower O O † O † 
 
Rates of photosynthesis before and at four times after exposure to 15 min of smoke from 
five different fuel types was measured on the native species Waratah (Fig. 3.3). Smoke from all 
fuel types caused an immediate reduction in rates of photosynthesis after 15 min of exposure. 
Rates of photosynthesis were significantly different for the duration of the measurement period 
and for the interaction of time and treatment (two-way repeated measures ANOVA, P <0.001). 
The smoke treatment caused this difference for all fuel types tested compared to the control 
treament (Bonferroni correction post-hoc test, P <0.01 for forest litter, P. radiata needles and 
straw fuels; P = 0.012 for E. saligna and P = 0.011 for the grass mix). The bag treatment showed 
no significant difference when compared with the control treatment (two-way repeated 
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measures ANOVA, P = 1.000 for E. saligna, P. radiata needles and straw fuels; P = 0.408 for 
forest litter and P = 0.334 for grass mix). 
Orange var. Valencia was one of the three non-native species selected to test the effect of 
smoke produced from diferent types of fuel on leaf gas exchange. Photosynthetic rates before 
and at four time points after exposure to smoke produced from five different fuel types are 
presented in Fig. 3.4. As with Waratah, rates of photosynthesis dropped immediately after 15 
min exposure to smoke for all of the fuel types tested. There were significant differences for the 
smoke treatment over time and for the interaction between time and treatment (two-way 
repeated measures ANOVA, P <0.01) and the smoke treatment was significantly different 
compared to the control (Bonferroni correction post-hoc test showed that P <0.001 for P. 
radiata needles and straw fuels, P = 0.012 for E. saligna leaves, P = 0.014 for forest litter and P = 
0.010 for the grass mixture). The same post-hoc test indicated that the bag and control 
treatments were not significantly different (P = 1.000 for E. saligna leaves, forest litter and the 
grass mixture; P = 0.403 for P. radiata needles and P = 0.905 for straw). Although there was an 
immediate drop in rates of photosynthesis to close to zero, Orange var. Valencia was the only 
species that showed a small increase in photosynthetic rate in smoke treatments using E. 
saligna and forest litter as fuel. Standardised rates of photosynthesis for the smoke treatment 
of Orange var. Valencia at four time points; pre-smoke, 2 min, 240 min and at 1440 min after 
smoke exposure are shown in Table 3.3. At the 240 min measurement, there was an increase in 
photosynthetic rate compared to the 2 min measurement for E. saligna (from 1.04 to 4.38 µmol 
m-2 s-1), forest litter (from -1.10 to 2.33 µmol m-2 s-1) and grass mixture (-0.64 to -0.79 µmol m-2 
s-1). At the 1440 min measurement there was a second decrease in photosynthetic rate when 
forest litter and grass mixture was used as fuel. It was not possible to make the 1440 min 
measurement for Orange var. Valencia so a measurement at 8640 min was taken instead. At 
this time point, the photosynthetic rate was similar to that for the control plants (Table 3.3). 
Regardless of time after exposure to smoke, all rates of photosynthesis were negative when P. 
radiata needles and straw were used as fuel. 
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The five different fuels used in the smoke treatments had similar effects on photosynthetic 
rates of both European Olive and Strawberry (see Figure 3.5 and Figure 3.6, respectively) with 
an immediate drop after exposure to smoke for 15 min. There were significant differences 
among time points and between the interaction of time and treatment (two-way repeated 
measures ANOVA, P <0.001 for both species). The difference was caused by the smoke 
treatment when compared to the control treatment (Bonferroni correction post-hoc test, P 
<0.001 except when E. saligna leaves were used as fuel (i.e. P = 0.014 for European Olive, P = 
0.011 for Strawberry)). For European Olive and Strawberry, rates of photosynthesis were still 
negative at the 240 min measurement (-0.10 and -1.99 µmol m-2 s-1, respectively), except for 
the smoke treatment using forest litter as fuel (0.76 µmol m-2 s-1). At the 1440 min timepoint, 
photosynthetic rates were only just positive (0.01 to 0.060 µmol m-2 s-1) for both species but 
were still below zero for European Olive treated with smoke from combustion of forest litter or 
the grass mixture. 
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Figure 3.3 Effect of exposure of 15 min of smoke (dotted line) on rates of photosynthesis of 
Waratah using five different fuel types: Eucalyptus saligna leaves (a), forest litter (b), Pinus 
radiata needles (c), a mixture of exotic and native grasses (d), and wheat straw (e). Symbols 
represent mean values ± standard deviation. 
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Figure 3.4 Effect of exposure of 15 min of smoke (dotted line) on rate of photosynthesis of 
Orange var. Valencia using five different fuel types: Eucalyptus saligna leaves (a), forest litter (b), 
Pinus radiata needles (c), a mixture of exotic and native grasses (d), and wheat straw (e). Symbols 
represent mean values ± standard deviation. 
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Figure 3.5 Effect of exposure of 15 min of smoke (dotted line) on rate of photosynthesis of 
European Olive using five different fuel types: Eucalyptus saligna leaves (a), forest litter (b), 
Pinus radiata needles (c), a mixture of exotic and native grasses (d), and wheat straw (e). 
Symbols represent mean values ± standard deviation. 
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Figure 3.6 Effect of exposure of 15 min of smoke (dotted line) on rate of photosynthesis of 
Strawberry using five different fuel types: Eucalyptus saligna leaves (a), forest litter (b), Pinus radiata 
needles (c), a mixture of exotic and native grasses (d), and wheat straw (e). Symbols represent mean 
values ± standard deviation. 
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For comparative purposes, the rates of photosynthesis for smoke and control treatments 
were standardised according to the rate of photosynthesis for the control treatment prior to 
smoke treatment (Table 3.4). As expected, variability in rates of photosynthesis measured for 
the control plants of all species reflected daily variations in light availability and temperature. 
After 240 min of exposure to smoke, there were generally small increases in photosynthetic 
rate compared to immediately after smoke exposure for plants treated with all fuel types 
except those exposed to smoke from straw which continued to decline. After 1440 min of 
exposure, a second smaller reduction in photosynthetic rate was evident, with the exception of 
the smoke treatment with the grass mixture, which showed a small increase in photosynthesis 
(from 0.94 µmol m-2 s-1 at 240 min to 1.26 µmol m-2 s-1 at 1440 min). 
Rates of stomatal conductance before and at four times after exposure to 15 min of smoke 
for the four tested plant species and the five fuel types are presented in Fig. 3.7. Over the entire 
period of measurement, there was a general pattern of decline in stomatal conductance after 
exposure to smoke for all the treatments and for all species. Rates of stomatal conductance 
were significantly different over time for all the fuel types and species tested (two-way 
repeated measures ANOVA, P ≤0.04). For Waratah, European Olive and Strawberry, rates of 
stomatal conductance measured 2 min after smoke exposure was similar to pre-smoke 
measurements (GLM univariate analysis, P >0.300). There were two exceptions: the first for 
European Olive exposed to smoke from forest litter (GLM univariate analysis, F = 11.741, P = 
0.014), and the second for Strawberry exposed to smoke from straw (F = 10.256, P = 0.019). 
European Olive continued to have a significantly lower rate of stomatal conductance after 150 
min compared to the pre-smoke measurement for all fuel types (GLM univariate analysis, F 
ranged from 7.422 to 28.800, P ranged from 0.002 to 0.039). Strawberry also showed the same 
continued reduction in stomatal conductance for all fuel types (GLM univariate analysis, F 
ranged from 28.487 to 76.988 and P ranged from <0.001 to 0.002) except when exposed to 
smoke from burning E. saligna litter (GLM univariate analysis, F = 0.051, P = 0.830). However, 
for Orange var. Valencia, smoke from all types of fuel caused a significant reduction in stomatal 
conductance immediately after exposure to smoke (GLM univariate analysis, F ranged from 
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18.090 to 132.531, P ranged from <0.001 to 0.005). Waratah showed a significant reduction in 
stomatal conductance compared to the pre-smoke value when P. radiata was used as fuel only 
after 240 min (GLM univariate analysis, F = 9.965, P = 0.029). However, a day after exposure to 
smoke, Waratah continued to have a significantly lower rate of stomatal conductance 
compared to the pre-smoke treatment after exposure to smoke from forest litter (GLM 
univariate analysis, F = 10.044, P = 0.019) and P. radiata (F = 25.105, P = 0.002) and the grass 
mixture (F = 145.672, P = 0.007). Stomatal conductance after exposure to smoke from E. saligna 
litter and straw were still similar to the pre-smoke treatment after 24 h (GLM univariate 
analysis, P >0.050).  
 
Transpiration rates after exposure to smoke for all treatments and all species tested 
followed similar patterns as for stomatal conductance (Fig. 3.8). 
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Table 3.4 Photosynthetic rates for smoke and control pre-smoke (control) treatments 
standardised against control smoke (mean ± standard deviation, n = 4 plants) representing the 
ratio of photosynthesis of control pre-smoke treatment to the control smoke at time of 
measurement multiplied to the photosynthetic rate of the smoke treatment at time of 
measurement. n.d.* = data not determined (measurement was taken at 8640 min after plants 
were exposed to smoke). 
Fuel type Time Waratah 
Orange var. 
Valencia 
European 
Olive Strawberry 
E. saligna Control 7.24 ± 1.12 9.33 ± 2.26 9.75 ± 3.59 9.21 ± 2.25 
 2 min -1.12 ± 0.07 0.79 ± 0.40 -2.14 ± 0.08 -0.39 ± 0.47 
 240 min 0.98 ± 0.82 3.48 ± 1.30 -0.97 ± 0.81 -1.22 ± 1.59 
 1440 min 0.25 ± 0.45 n.d.* 0.55 ± 0.71 0.34 ± 1.45 
Forest litter Control 9.49 ± 1.52 5.22 ± 1.12 14.65 ± 0.75 12.28 ± 1.55 
 2 min -1.03 ± 0.94 -1.08 ± 0.84 -1.64 ± 0.70 -0.74 ± 0.69 
 240 min 2.64 ± 1.05 2.40 ± 1.09 0.78 ± 0.98 -0.85 ± 0.24 
 1440 min 0.73 ± 0.73 1.01 ± 0.62 0.05 ± 0.41 -0.53 ± 0.38 
P. radiata Control 10.78 ± 2.04 4.61 ± 0.89 7.25 ± 1.74 13.58 ± 3.21 
 2 min -1.06 ± 1.15 -1.21 ± 0.54 -0.42 ± 0.45 -0.99 ± 0.72 
 240 min 2.99 ± 1.19 -0.13 ± 0.16 -0.86 ± 0.57 -0.61 ± 0.29 
 1440 min 0.55 ± 1.07 -0.38 ± 0.41 -0.52 ± 0.22 -0.53 ± 0.36 
Grass mixture Control 9.38 ± 0.69 4.49 ± 2.39 13.85 ± 2.67 12.67 ± 1.90 
2 min -0.35 ± 1.05 -0.82 ± 0.84 -0.96 ± 0.78 -0.70 ± 0.43 
240 min 1.52 ± 0.86 0.55 ± 1.35 -2.11 ± 0.96 -0.11 ± 0.23 
 1440 min 1.31 ± 0.82 0.59 ± 0.96 -0.14 ± 0.72 -0.96 ± 0.41 
Straw Control 9.77 ± 2.44 7.58 ± 0.98 11.36 ± 2.64 13.11 ± 2.34 
 2 min -0.67 ± 0.07 -2.10 ± 0.97 -0.86 ± 0.37 -0.15 ± 0.16 
 240 min -1.39 ± 0.24 -0.61 ± 0.98 -1.00 ± 0.35 -0.46 ± 0.38 
 1440 min -0.57 ± 0.21 -1.47 ± 0.57 -0.44 ± 1.06 -0.36 ± 0.89 
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Figure 3.7 Stomatal conductance (µmol H2O m
-2 s-1) measured before and at four times after exposure to 15 min of smoke 
from five different fuel types for Waratah (a), Orange var. Valencia (b), European Olive (c), and Strawberry (d). Symbols 
represent mean values ± standard deviation. 
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Figure 3.8 Transpiration (mol H2O m
-2 s-1) measured before and at four times after exposure to 15 min of 
smoke from five different fuel types for Waratah (a), Orange var. Valencia (b), European Olive (c) and, 
Strawberry (d). Symbols represent mean values ± standard deviation. 
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3.3.3 Emission factors 
Emission factors for CO2 and CO were calculated for each of the five fuel types (Fig. 3.9). 
Emission factors for CO2 were greatest for Eucalyptus saligna litter (average CO2 EF = 1399.18 g 
kg-1 fuel burnt) while EF for CO were greatest for P. radiata needles (average CO EF = 31.06 g kg-
1 fuel burnt). Both native and exotic grasses and straw had the least EF for CO2 (954.76 and 
942.23, respectively) and forest litter had the least EF for CO (19.06 g kg-1 fuel burnt).  
 
 
Figure 3.9 Emission factors for CO and CO2 from the five different fuel types used in this 
experiment. Bars represent mean ± standard deviation. Significant differences between fuel 
types are represented in capital letters for CO2 and in lower case letters for CO (GLM univariate 
analysis, Bonferroni correction post-hoc test). 
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Emission factors for a range of VOCs released during burning of the five fuel types used in 
this experiment are presented in Fig. 3.10 (compounds that had high EF are presented in (a) and 
the compounds with lower EF are presented in (b)). There were no significant differences 
among the different fuel types for EF of VOCs for the following compounds: m/z+ 69 (furan), 
m/z+ 83 (methyl furans), m/z+ 97 (substituted furans and furfurals), m/z+ 107 (C8 aromatics), 
m/z+ 121 (C9 aromatics), m/z
+ 129 (napthelene), m/z+ 135 (C10 aromatics), m/z
+ 137 
(monoterpenes), m/z+ 149 (C11 aromatics), and m/z
+ 139 (4-methyl guaiacol) (GLM univariate 
analysis, F ranged from 0.128 to 3.287, P from 0.058 to 0.967). Significant differences were 
found for all other EF of VOCs (GLM univariate analysis, F ranged from 3.641 to 48.800, P from 
<0.001 to 0.049). In most cases, forest litter was responsible for the biggest difference among EF 
by having relative low values compared to other fuel types. Overall, grass and straw had the 
highest EF for VOCs for most compounds: m/z+ 43 (propylene), m/z+ 45 (acetaldehyde), m/z+ 47 
(formic acid), m/z+ 61 (acetic acid), m/z+ 75 (hydroxyacetone), m/z+ 87 (2,3 butanedione), m/z+ 
95 (phenol), m/z+ 101 (methyl isobutyl ketone), m/z+ 109 (cresol), and m/z+ 125 (guaiacol). 
Mean EF for VOCs emitted during combustion of P. radiata needles were greatest for 
compounds 33 (methanol) and 129 (napthelene).  
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Figure 3.10 Emission factors (EF) for volatile organic compounds (VOC) from five fuel types: 
compounds with high EF (a), and compounds with low EF (b). The following compounds were 
detected: (a) 33 = methanol, 42 = acetonitrile, 43 = propylene, 45 = acetaldehyde, 47 = formic acid, 
57 = acrolein, 59 = acetone, 61 = acetic acid, 69 = furan, 71 = methyl vinyl ketone, methacrolein, and 
crotonaldehyde, 73 = methyl ethyl ketone, 75 = hydroxyacetone, 79 = benzene, 83 = methyl furans, 
87 = 2,3 butanedione, 93 = toluene, 97 = substituted furans and furfurals, (b) 54 = acrylonitrile, 56 = 
propanenitrile, 95 = phenol, 101 = methyl isobutyl ketone, 107 = C
7+8
 benzene, 121 = C9 aromatics, 
129 = napthelene, 135 = C10 aromatics, 137 = monoterpenes, 149 = C11 aromatics, 205 = 
sesquiterpenes, 109 = cresol, 125 = guaiacol, 139 = 4-methyl guaiacol, 155 = syringol. 
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3.4 Discussion 
3.4.1 Leaf gas exchange 
Photosynthetic rates of Waratah, Orange var. Valencia, European Olive and Strawberry 
decreased immediately after exposure to smoke from each of the five tested fuel types. After 24 
h, photosynthetic rates were still very low when compared to control treatments. As described 
in Chapter 2, Orange var. Valencia was most resistant to smoke (i.e. the smallest reduction in 
leaf gas exchange) compared to other native and non-native species. It was also the only species 
to show some recovery in photosynthesis, albeit slight, after being exposed to smoke from 
burning E. saligna leaves and forest litter. Exposure to smoke for 15 min affected European 
Olive the most profoundly with leaves for all fuel treatments continuing to respire but not 
undergoing any photosynthesis 24 h after exposure to smoke. Although Waratah is a native 
Australian species, it did not react to or recover from exposure to smoke as well as Orange var. 
Valencia, a non-native species.  
Stomatal conductance of Orange var. Valencia decreased immediately after exposure to 
smoke for the five fuel types tested. For the other three plant species tested, the decrease 
happened at a later stage. A sudden decline in stomatal conductance (gs) can be explained by 
the increase in CO2 in the smoke. Many studies investigating the effects of rising atmospheric 
CO2 have reported that there is a steady and reliable decrease in gs in response to elevated CO2 
(Curtis 1996; Lee et al. 2001; Medlyn et al. 2001; Ainsworth et al. 2002; Ainsworth and Long 
2005; Lammertsma et al. 2011; Barton et al. 2012; Zhang et al. 2013). A decline in stomatal 
conductance will lead to an increase in the transfer resistance to gases entering the leaf. Hence, 
the lag time for gaseous pollutants entering the leaf is shorter for Orange var. Valencia than for 
the other species and might explain the apparent resistance of this species to smoke. As 
hypothesised in Chapter 2, leaf anatomy of this species might also play a role in withstanding 
effects of smoke. Which of these two factors has the greatest role in the protection against 
smoke will be investigated further in Chapters 4 and 6. 
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Relative humidity was greater in the bag and smoke treatments compared to the control 
treatment and the size of this increase depended on the ambient humidity on the day of testing. 
The increase in humidity occasionally caused a small increase in photosynthesis of leaves in the 
bag treatment compared to the control at 2 min post-smoke exposure, but these rates were 
similar again at the 150 min time point. The temperature in the heat-proof bag after smoke was 
added did not change significantly compared to the control, indicating that the temperature of 
the smoke should not have any measurable effect on leaf physiology. Since there was no 
significant increase in temperature inside the bag during smoke exposure, leaf necrosis must 
have been caused by the smoke. This result might question leaf death in canopies which is 
traditionally ascribed to heat scorch. As smoke cools down quickly, the deleterious components 
in smoke might also have a significant role in the canopy leaf death. The study of Peter et al. 
(2011) recorded floral damage by smoke and also suggested that not just heat, but also smoke 
must have caused such detrimental effects.  
The few studies testing the effects of smoke on plant physiology have used smoke produced 
from one type of fuel only (e.g. (Gilbert and Ripley 2002; Kennison et al. 2009b; Calder et al. 
2010; Kennison et al. 2011). The one exception is the study of (Bell et al. 2013) in which two 
types of fuel was used. In this study, measurement of leaf-gas exchange of grapevines indicated 
higher sensitivity to the smoke from combustion of leaves of Coast Live Oak compared to leaves 
from Tasmanian Bluegum. Other published studies have made use of smoke from bushfires (e.g. 
Davies and Unam (1999)). 
One week after exposure, leaf necrosis occurred in all the species exposed to smoke from 
burning of straw. Similar results have been found in other studies when grapevines were 
exposed to smoke from burning straw (Kennison et al. 2009b). Surprisingly, leaves of the 
European Olive exposed to each of the five different types of smoke were also dead after one 
week. European Olive originates from the Mediterranean area where fires occur regularly and 
thus it was expected that this species would have mechanisms to withstand smoke. However, 
the individuals used may have been a variety or cultivar that was particularly sensitive to smoke 
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as has been found for sensitivity to drought (e.g. Bacelar 2006, 2007). It was hypothesized that 
species with mesophyllous leaves (e.g. Sunflower and Strawberry) would be less resistant to 
smoke than species with thicker and more robust leaves (e.g. European Olive and Orange var. 
Valencia) or species with sclerophyllous leaves (e.g. Waratah). This hypothesis was partially 
supported with the response shown by Orange var. Valencia which suffered minimal leaf 
mortality but was not supported by the response shown by European Olive. 
3.4.2 Gaseous compounds in smoke 
From the 32 VOC compounds analysed, 22 compounds differed among the five fuel types 
tested. Forest litter that had the lowest EF for all VOCs and E. saligna litter had similarly low EF 
compared to other fuel types. Straw and grass often had the highest EF for VOCs, especially for 
propylene, acetic acid, phenol, methyl isobutyl ketone and guaiacol. It remains to be 
determined what effect these compounds have on plant physiology. There is reasonable body of 
work on the role of guaiacol in smoke-tainted wine. Research around this topic is recent, mainly 
because a considerable amount of smoke-tainted wine was produced in 2003 after vineyards 
were exposed to smoke during bushfires (Whiting and Krstic 2007). Smoke aromas in food had 
already been attributed to the compounds quaiacol and 4-methyl guaiacol (Kennison et al. 
2007; Whiting and Krstic 2007). It was first thought that these compounds accumulated on the 
skin of the grapes after these were exposed to smoke (Høj et al. 2003), but Kennison et al. 
(2007) found that smoke actually permeates through the skin into the grape berry. Large 
concentrations of guaiacol in wine are caused by the fermentation process leading to the 
releasing of guaiacol (Kennison et al. 2008). 
Methanol had a relatively high EF, particularly from combustion of P. radiata. Methanol is a 
natural compound that is released by plants. It has been shown that methanol has a positive 
effect on the photosynthetic rates of plants (Nonomura and Benson 1992), however, 
concentrations of more than 30% can be toxic for plants (Hemming (1995). Since the EF for 
methanol for all the five fuel types tested was well below 30% (e.g. 0.033% for P. radiata), it is 
not likely that methanol was the cause of photosynthetic inhibition. 
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Smoke from different types of fuel caused appreciably different effects in leaf physiology 
and survival in the plant species tested. For example, when leaves were exposed to smoke from 
burning straw they invariably died. Apart from having relatively high EF for a number of the 
VOCs tested, smoke from the combustion of straw may have PM of different amount, size, 
structure or surface chemical composition. For example, during grass fires, the PM produced 
has a smaller diameter compared to PM produced during forest fires (Janhäll et al. 2010). 
Particulate matter in smoke from biomass burning in Indonesia in 1997 had a number of 
chemical tracers (e.g. levoglucosan, α- and β-mannose) that distinguished it from PM from other 
sources (Radzi bin Abas et al. 2004). Similarly, dehydroabietic acid is used as a specific tracer for 
conifer smoke (Simoneit 2002). The burning conditions also play a role in PM production such 
that fires of low intensity tend to produce more PM than fires of higher intensities, while 
smouldering combustion produces more PM than flaming combustion (Ward 1999). It was not 
possible to measure PM in this study but the ability to measure the size and composition of PM 
released during the burning of the five fuel types tested would give a better indication of the 
possible role PM plays in potential inhibition of the photosynthetic apparatus. 
Without direct measurement of PM it is still possible to use the EF for VOCs, CO2 and CO 
obtained during this study to estimate the proportion of PM released during burning. For 
example, for E. saligna, assuming that fuel prior to burning contained 50% carbon, the amount 
of CO2 released is 76.32%, CO will be 2.06% and VOCs will be 0.07% giving a total of 78.45%. The 
remainder (21.55%) is comprised of VOCs that could not be measured (e.g. methane), ash and 
PM. Using the data of Hurst et al. (1994) for ash (3.7%) and methane (0.35%) this now gives a 
total percentage of 82.50%. This means that up to 17.50% of emissions from burning E. saligna 
could consist of PM, indicating that quite a substantial amount can be deposited on the surface 
of the leaf (Table 3.5). It should be noted that there are many VOCs that could not be measured 
using the analytical equipment described and thus would contribute to the unaccounted 
carbon. However, taking into account the amounts of known VOCs in the smoke tested, it is 
expected that the amount of unidentified VOCs is fairly small. Comparing the estimated 
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proportions of PM from the five fuel types used in this study, the grass mixture and straw had 
the greatest amount of PM and E. saligna has the smallest.  
Smoke from combustion of straw had the greatest physiological effect on leaves and gas 
exchange compared to the other fuel types. The burning of stubble was once a common 
practice in Australia, but this practice has declined in use. It is even questioned if this 
agricultural management practice should still be used in regard to air pollution and potential 
health implications (Scott et al. 2010). 
Table 3.5 Estimation of the proportion of particulate matter for each fuel type calculated 
using the emission factors and under the assumption that fuel prior to burning contains 50% 
carbon. All numbers are proportions.  
Fuel type CO2 (%) CO (%) VOCs (%) Ash
* (%) CH4* (%) Total (%) PM (%) 
E. saligna 76.32 2.06 0.07 3.70 0.35 82.50 17.50 
Forest litter 57.77 1.63 0.02 3.70 0.35 63.47 36.53 
P. radiata 61.83 2.66 0.14 3.70 0.35 68.68 31.32 
Grass mixture 51.39 2.15 0.14 3.70 0.35 57.73 42.27 
Straw 52.08 1.85 0.14 3.70 0.35 58.12 41.88 
* Numbers obtained from Hurst et al. (1994) 
 
3.5 Conclusion 
Exposure to smoke from the five different fuel types burnt had an immediate impact on the 
photosynthetic rate of Waratah, Orange var. Valencia, European Olive and Strawberry. 
However, the extent of the impact of smoke on the leaf-gas exchange on these four species 
varied with the different types of smoke and among plant species. Smoke had the smallest 
impact on leaf gas exchange of Orange var. Valencia possibly due to rapid stomata closure that 
the other three species tested could not achieve. All species experienced leaf necrosis when 
exposed to smoke from burning straw. Straw, together with mixed grass and needles of P. 
radiata showed high EF for methanol, acetaldehyde and acetic acid compared to E. saligna and 
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forest litter. As smoke from straw had the greatest impact on leaf gas exchange and leaf 
mortality, and had the highest EF for VOCs, it is possible that VOCs, along with increased 
concentrations of CO2 in smoke may be affecting leaf physiology. Clearly, a greater research 
effort is needed to follow this line of investigation.  
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Chapter 4 The role of leaf morphology and anatomy in relation to plant 
physiological responses to smoke  
4.1 Introduction 
Numerous studies have investigated the effect of air pollution on plant physiology (Mudd 
and Kozlowski 1975; Kozlowski 1980; Bytnerowicz 1996), including studies linking the effects of 
air pollution with leaf anatomy (Crossley and Fowler 1986; Honour et al. 2009; Burkhardt and 
Pariyar 2014). The broad consequences for plants exposed to air pollution include: (i) lower 
productivity due to decreased photosynthetic rates, (ii) accumulation of pollutants or by-
products of pollutants inside the leaf, and (iii) increased vulnerability to disease, parasite or 
insect attack (Heath 1980). From results presented in Chapters 2 and 3, it is clear that smoke 
affects plant physiology. Therefore, morphology and anatomy of leaves are likely to have 
important roles in protection of plants against particulate matter (PM) and gaseous compounds 
in smoke. For example, deposition of PM on the cuticle layer of leaves can cause degradation of 
leaf waxes leading to an increase in the vulnerability to drought stress (Burkhardt and Pariyar 
2014). The study of Honour et al. (2009) suggested that air pollution caused delayed flowering 
and accelerated leaf death in a range of herbaceous plant species. It should be kept in mind that 
one of the main differences between air pollution and smoke from bushfires and prescribed 
burning is that smoke can contain high concentrations of PM and gaseous compounds, that are 
released into the atmosphere as a pulse in a concentrated form for a relatively short period. 
Hence, the impact of smoke on plant physiology may be substantial compared to air pollution. 
Morphological and anatomical features that may protect leaves from smoke components are 
particularly important. 
Plants have adapted in many ways to help protect against harmful environmental conditions 
including drought (e.g. Ramírez et al. (2012), low light (e.g. Cayssiales and Rodriguez (2013) and 
poor supply of nutrients (e.g. Knox and Clarke (2005). Similar or homologous adaptations can 
span a range of plant families and species and, when used as a method for understanding, 
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standardising and predicting plant functioning and global distribution, are grouped into ‘plant 
functional traits’ (Pérez-Harguindeguy et al. 2013). Suitable traits can be morphological, 
physiological and phenological features that refer to, for example, visible characteristics (e.g. 
leaf hairs, cuticle thickness), structural or chemical ratios (e.g. specific leaf area, carbon:nitrogen 
ratio), structure (e.g. leaf thickness, stomatal density), chemical composition (e.g. nitrogen, 
phosphorus concentrations) and life history (e.g. leaf life span; Pérez-Harguindeguy et al. 
(2013). In the context of this study, important plant functional traits relating to leaves include 
both morphological and anatomical components that may confer protection against gaseous 
and solid components of smoke. 
When plants are exposed to smoke, gaseous pollutants can enter the leaves through 
stomata and PM can be deposited on the leaf surfaces (see Chapter 1). An important plant 
functional trait for protection from atmospheric pollution is the presence of trichomes on leaf 
surfaces. Trichomes (derived from the Greek word ‘trichos’ meaning ‘hair’) are commonly found 
on stems and leaves and come in many different forms, varying even within a single plant (Serna 
and Martin 2006). Although individual trichomes have several functions, when they are 
considered together (called pubescence) they can protect the plant from biotic and abiotic 
stresses. Association of trichome abundance with plants from dry environments has been 
known for more than a century (Kerner von Marilaun 1896; Schimper 1903; Warming 1909; 
Clausen et al. 1940; Ehleringer 1984). In dry climates, drought stress and high solar radiation can 
have a major impact on plants and leaf pubescence has an important role in how well plants 
cope with these forms of stress. For example, many studies have found that the function of the 
pubescence layer is to conserve water through reduced leaf transpiration (Turner 1994; 
Richardson et al. 1995; Rotondi et al. 2003). An increase in the boundary layer resistance will 
lead to a decrease in leaf gas exchange and thus a decrease in leaf transpiration (Woolley 1964; 
Wuenscher 1970; Nobel 2005). However, a direct link between leaf pubescence and leaf gas 
exchange is not always apparent (Benz and Martin 2006; Galmés et al. 2007; Skelton et al. 
2012). 
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Leaf pubescence other important functions. A dense pubescent layer can cause an increase 
in leaf reflectance for all the wavelengths of solar radiation between 400 and 3000 nm 
(Ehleringer 1984). Other studies have found leaf pubescence can protect plants against 
ultraviolet light (Liakopoulos et al. 2006). Reflectance of solar radiation reduces leaf 
temperature and thus positively affects leaf gas exchange (Ehleringer 1984) via prevention of 
photoinhibition and overheating (Liakopoulos et al. 2006). Younger leaves need more protection 
against photoinhibition than older leaves due to their photosynthetic apparatus not yet being 
fully developed (Ireland et al. 1985), often resulting in a greater abundance of trichomes in 
younger leaves. However, as a consequence of having pubescent leaves, PM may be trapped by 
trichomes (Burkhardt 2010) or caught due to rough leaf surfaces (Beckett et al. 1998; Hwang et 
al. 2011). For gases dissolved in rain, snow, hail or fog (i.e. wet deposition); trichomes can 
provide a barrier for water adhesion and consequently prevent solute transfer to underlying leaf 
tissues (Cape and Unsworth 1988). 
Plant protection against biotic factors by leaf pubescence also includes defence against 
herbivores and pathogens. Riddick and Simmons (2014) reviewed the beneficial, neutral or 
harmful effects of leaf trichomes on predatory insects of a range of plant species. It was found 
that trichomes had more harmful effects than beneficial ones on the predators, regardless of 
plant species or trichomes being glandular or not. Younger leaves commonly have more hairs 
than older leaves to provide better protection against insect herbivory (Woodman and 
Fernandes 1991). 
Particulate matter can reach leaf surfaces in both dry and wet deposition (Heck 1973; 
Kozlowski 1980; Bytnerowicz 1996). The deposition of particles on leaves depends on a variety 
of factors, including weather conditions (e.g. wind turbulence) and leaf structure (e.g. leaf area) 
(Ottelé et al. 2010). Most PM is deposited on the adaxial (upper) surface of the leaf and species 
with stomata on both sides may be more affected by smoke than species with stomata on the 
abaxial (lower) side only. Location within the canopy profile will also determine the extent to 
which leaves are affected by PM (Grantz et al. 2003). A tree or shrub canopy can act as a filter 
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for PM reaching lower leaf surfaces as it has been found that the greatest deposition is on upper 
and outer surfaces of forests and woodlands with less transfer into the canopy (Shaw et al. 
1994). On the leaf surface, PM can influence leaf temperature and light interception (Hirano et 
al. 1995). 
Leaf cuticles are an important interface between the environment and underlying leaf 
tissues. The general view of the structure of the cuticle is that it is bi-layered consisting of the 
cuticle layer and the cuticle proper (Müller and Riederer 2005; Yeats and Rose 2013). 
Chemically, the hydrophobic components of the two layers consist of the insoluble polymer 
cutin, and a variety of soluble lipids, called waxes (Kolattukudy 1980). The outer layer of the 
cuticle proper contains a thin film of epicuticular waxes that may or may not be covered with 
epicuticular crystals. It was originally thought that the main function of the cuticle was the 
control of water loss (Yeats and Rose 2013). It is now widely accepted that the cuticle has many 
more functions, with one of the most important being the ability to self-clean such that 
deposited particles can easily be removed from the leaf surface by water droplets (Barthlott and 
Ehler 1977; Barthlott and Neinhuis 1997). The self-cleaning function may play an important role 
in removing PM from leaf surfaces deposited when plants are exposed to smoke. Other 
important features of the cuticle include biomechanical properties (see review by Domínguez et 
al. (2011)) and defensive functions (see review by Reina-Pinto and Yephremov (2009)). Changes 
in the cuticle layer (e.g. thickness or structure) can be caused by either environmental factors, 
such as season, temperature, light and erosion through wind and rain or by endogenous factors 
such as leaf age and plant health (see review by Müller and Riederer (2005). However, a strong 
negative relationship has been found between air pollution and forest decline due to 
degradation of leaf surface wax (Turunen and Huttunen 1990; Trimbacher and Weiss 2004). 
Stomata are the main entry point for exchange of gas and water vapour and therefore have 
an important role in leaf physiology. In relation to smoke, control of opening and closing 
stomata is crucial since this will also regulate the entry for potential gaseous contaminants 
(Darrall 1989). A stoma consists of a pore that is surrounded by two guard cells that regulate the 
121 
 
opening and closing of the stoma by shrinking and swelling. This regulation depends on several 
factors including environmental signals such as light intensity, ambient CO2 concentration and 
endogenous plant hormones that control stomatal length and development (Hetherington and 
Woodward 2003). Stomatal density plays an essential role in the water use efficiency of plants 
(Woodward 1987; Woodward and Bazzaz 1988; Mansfield et al. 1990) and varies widely with 
species, but also within a species due to environmental factors. Stomatal density can range from 
5 to 1000 mm-2 and stomata can vary in size ranging from 10 to 80 µm in length (Wilmer and 
Fricker 1996). Small stomata are generally found in high density and, because of their size, can 
regulate rapid opening and closing resulting in the capability of quick increases in stomatal 
conductance thus maximising photosynthesis during the right conditions (Aasamaa et al. 2001). 
In CO2 enrichment studies it is often found that the increase in CO2 leads to a decrease in 
stomatal density (Woodward et al. 2002), although this is again also species-specific (Woodward 
and Kelly 1995). 
In some plant species, stomata may be encrypted or sunken. It has been suggested that the 
function of encrypted stomata is to protect the plant from water loss through transpiration 
(Rotondi et al. 2003; Haworth and McElwain 2008; Jordan et al. 2008). However, there does not 
seem to be a direct link between encrypted stomata and arid or dry climate conditions as this 
characteristic is found in plants from both arid and wet environments (Brodribb and Hill 1997). 
Hassiotou et al. (2009) hypothesized that encrypted stomata have other functions besides 
reducing leaf transpiration such that the crypts facilitate CO2 diffusion from the lower leaf 
surface to the palisade cells in thick leaves. 
Leaf thickness has a role in the capture of light and CO2 diffusion from ambient air to the site 
of carboxylation (Givnish 1979; Agustí et al. 1994; Syvertsen et al. 1995). Carbon dioxide needs 
to be transported from the ambient air outside the leaf, through the boundary layer via the 
stoma and mesophyll before it can be transported to chloroplasts. Tomás et al. (2013) found 
that mesophyll conductance in sclerophyllous leaves were mostly limited by cell wall thickness, 
whereas in mesophyll leaves, membrane penetrability and cytosol and stromal conductance 
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dominated variation in mesophyll conductance. They concluded that leaf anatomy is of 
considerable importance for determining mesophyll conductance and thus photosynthetic 
capacity. A thick leaf having a large mesophyll area exposed to intercellular spaces will have a 
greater advantage by achieving high rates of photosynthesis in high light environments 
(Terashima et al. 2011). The thickness of the mesophyll layer is a key component for the 
pathway for internal conductance of CO2 (mesophyll conductance). 
This study will compare and contrast morphological and anatomical features of leaves that 
can potentially provide some level of protection from or vulnerability to gaseous and particulate 
components of smoke. Plant functional traits measured here were selected for their relevance 
to physiological processes such as photosynthesis and respiration. Selected plant species fall 
into two broad ecological categories: mesophytes and xerophytes. For the purpose of this study, 
‘mesophytes’ refer to plants that grow naturally in moist environments with limited daily or 
seasonal water stress and ‘xerophytes’ are plants that grow in dry or arid environments 
experiencing at least some degree of seasonal water stress (Cutter 1971). The hypothesis tested 
was that leaf morphology and anatomy of xerophytes will confer greater protection against the 
components of smoke from bushfires and prescribed burns. 
4.2 Methods 
4.2.1 Species selection 
Leaf anatomy of all species was based on the same individuals used for gas exchange 
measurements detailed elsewhere in this thesis (for species description see Chapters 2.2, 3.2 
and 5.2). Species were categorised according to agricultural versus native Australian species and 
according to mesophytic or xerophytic habit. 
4.2.1 Leaf moisture content and leaf area 
Leaf size and moisture content were determined for each species using three of the first 
fully expanded leaves selected from four individual plants (n = 4). Leaf area was calculated from 
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scans of each leaf using an image-analysis program (ImageJ 1.44p, Wayne Rasband Institutes of 
Health, Maryland, USA), and leaf width and length were measured manually. Fresh and dry 
weights of leaves were measured before and after oven-drying at 70 °C for 48 h. From these 
measurements, leaf moisture concentration (LMC) and specific leaf area (SLA; the ratio of leaf 
area to dry mass) were calculated. 
4.2.3 Stomata 
Stomatal density was determined using three fully expanded leaves selected from four 
individual plants (n = 4) from each species, as described above. Impressions of abaxial and 
adaxial surfaces of each leaf were made from three randomly selected areas (approximately 1.0 
× 1.0 cm) positioned between the mid-rib and large veins. Clear acetone-based varnish was 
applied to each area and allowed to air-dry for 15 min. Clear, single-sided adhesive tape was 
used to transfer the varnish imprint of the leaf surface onto a microscope slide. Images of the 
imprints were taken using a light microscope (Leica DM2500 M, Leica Microsystems CMS GmbH, 
Wetzlar, Germany) and analysed using Leica Application Suite (Version 4.0.0 Build 877, Leica 
Microsystems CMS GmbH, Switzerland). Magnifications of 20 or 40 were used when taking 
images, depending on species. The average total area that stomatal density counted per leaf 
was 1.59 mm2. While avoiding vascular tissue as much as possible, an area of a known size was 
selected and the number of stomata within the area was counted. The same images, together 
with images of leaf transverse sections were used to determine the vertical position of the 
stomata in relation to the leaf surface. Four categories for vertical stomatal position were 
chosen: (1) levelled – similar position as the epidermis layer, (2) sunken – single stoma located 
in a depression of the leaf surface, (3) encrypted – group of stomata located in a depression on 
the leaf surface, and (4) raised – single stoma slightly raised from the leaf surface. 
4.2.4 Leaf anatomy 
To prepare transverse sections of leaves for anatomical analysis, a 1.0 × 1.0 cm piece of leaf 
material was dissected from three fully expanded leaves selected from four individual plants (n 
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= 4) of each species. Leaf portions were immediately transferred to 5 ml glass vials containing 
formalin acetic acid alcohol (FAA). This fixative is commonly used as it is an easy and inexpensive 
method for preserving tissue morphology and infiltrates plant tissues rapidly (Chieco et al. 
2013). The FAA solution consisted of ethanol (95%), glacial acetic acid, formalin (37% 
formaldehyde) and distilled water in the ratio of 10:1:2:7. Leaf portions in FAA solution were 
submitted to moderate vacuum (180 mm Hg) for 15 min to ensure that any air inside the 
intercellular spaces was replaced by the fixative (Paiva et al. 2011). If leaves were still floating 
after 15 min, vacuum infiltration was continued for a further 15-30 min. Leaf portions remained 
in the fixative for 22-24 h after which the FAA solution was replaced with 70% ethanol and 
stored in a dark container at 5-10 °C. 
Fixed leaf portions were cut into smaller pieces of approximately 0.5 × 0.8 cm, carefully 
placed in an embedding cassette (Technoplas Pty Ltd, St. Marys, Australia) and returned to a 
70% ethanol solution. Leaf portions were embedded in paraffin wax during a 12-h automated 
processing run. Leaf tissue was processed under vacuum following the solvent and embedding 
sequence detailed in Table 4.1 (Histopathology Laboratory, Camperdown campus, University of 
Sydney, Sydney, Australia). 
Table 4.1 The sequence of processing steps used for embedding fixed leaf material. 
Step Process and timing Replication 
1-5 100% ethanol, 55 min Five repeats 
6 100% ethanol, 110 min Once only 
7 Xylene, 30 min Once only 
8-9 Xylene, 40 min Two repeats 
10-12 Paraffin wax, 60 °C for 120 min Three repeats 
13 Embedded in paraffin wax block Once only 
 
Once leaf material had been embedded in paraffin wax blocks, thin transverse sections were 
cut using a Rotary Microtome (Leica RM2255, Leica Biosystems Nussloch GmbH, Germany) in 
the range of 15-30 µm thickness, depending on species. Suitable sections were transferred onto 
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a clean microscope slide and both the slide and section were carefully submerged in a clearing 
agent solution (HistoChoice® Clearing Agent, Sigma-Aldrich, Sydney, Australia) and kept there 
for 48 h. This step removed any paraffin wax leaving only leaf material for staining. After 
removal of the paraffin wax, the microscope slides with the adhering leaf sections were put 
through a hydration process. The first hydration step involved submerging microscope slides 
containing the leaf sections in two ‘baths’ of absolute (100%) ethanol (2 min each), followed by 
two baths in 95% ethanol (2 min each), one bath of 70% ethanol (2 min), and a final bath in 
distilled water (2 min). Transverse leaf sections were stained in a 2% Safranin solution (Gram’s 
Safranin Solution, Sigma-Aldrich Chemie GmbH, Steinheim, Germany) for 2-3 min depending on 
species. After staining, leaf transverse sections were gently washed using distilled water to 
remove any excess stain. Microscope slides were carefully dried and a fast drying mountant 
with high viscosity (Safety Mount NO 7 Fronine PTY LTD, Riverstone, Australia) was used to 
permanently mount sections. 
Images of leaf transverse sections were taken using a light microscope fitted with a camera 
and analysed using appropriate software (as described previously). Measurements were made 
using transverse sections prepared from one leaf from three individual plants of each species. 
Measurements included thickness of the whole leaf, cuticle, epidermis, palisade parenchyma 
and spongy mesophyll. The images were also used to determine the presence and type of 
trichomes. Where possible, trichomes were distinguished according to the following categories: 
(1) simple trichome (consisting of a single cell) versus multicellular, (2) if multicellular, having a 
uniseriate arrangement (trichomes having a single column or a row of cells) versus another type 
of cellular arrangement, and (3) glandular (enlargement at end of trichome that has a 
secretional function) versus non-glandular. Distinctively-shaped trichomes were noted as was 
abundance of trichomes (i.e. abundant on the abaxial, adaxial or both sides).  
4.2.5 Statistical analysis 
Mean values (n = 3) for each leaf functional trait were calculated for each species (n = 3 
individuals for data from transverse sections and n = 4 for all other morphological and anatomy 
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measurements) and analysed using One-way ANOVA to compare differences among species for 
each leaf trait. When there was a significant difference, a Tukey HSD post-hoc test was used for 
separation of means. Homogeneity of variance was violated on several occasions and a Welch F-
test was used for further analysis. Correlations were done between measures of leaf physiology 
(rates of photosynthesis, stomatal conductance and transpiration) and leaf morphology data 
(leaf thickness, lower epidermal wax layer thickness, stomatal density, SLA and leaf area). The 
software IBM SPSS Statistics 22 was used. 
4.3 Results 
Trichome type and distribution and stoma type for each species are presented in Table 4.2. 
Non-glandular trichomes were present on leaves of both xerophytic and mesophytic species. No 
hairs were found on leaves of Grapefruit var. Weeny, Orange var. Valencia, Firewheel Tree, Red-
stemmed Wattle, Smooth-barked Kauri and Waratah var. Starfire. All of the remaining species 
had multicellular hairs except for the native Large-leaved Olive which had simple unicellular 
trichomes. Multicellular trichomes were generally uniseriate, apart from those found on leaves 
of European Olive and African Olive which were peltate and were highly abundant on the 
abaxial leaf surface (see Fig. 4.1a, b). 
Types of stoma were often difficult to determine in mesophytic leaves. This was probably 
due to the various methods used for preparation of leaf segments for stomatal imprints and 
embedding - these treatments are known to induce desiccation or dehydration. Xerophytic 
species mostly had sunken stomata, although encrypted stomata were found in the two species 
of Banksia (Fig. 4.1c). 
Morphological leaf traits including leaf area and thickness, moisture content, SLA and 
stomatal density are presented in Table 4.3. There were significant differences among species 
for all traits measured (One-way ANOVA; Welch, P ≤0.001). For example, the mesophytic 
species, Sunflower and Grapevine var. Chardonnay had the largest leaves (leaf area), which 
were similar in size to the leaves of Firewheel Tree, a xerophyte. European Olive had the 
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smallest leaves, but the leaves of Coast Banksia and African Olive were also small. All three 
species were classified as xerophytic. Not surprisingly, mesophytic species had the greatest 
moisture content and xerophytic species had the least. Variation in SLA among species followed 
a similar pattern to moisture content, with the exception of Firewheel Tree which had a SLA 
close to that of Sunflower. Except for Grapefruit var. Weeny and Orange var. Valencia, all other 
mesophytic species had a thin lamina while xerophytic species had a relative thick lamina, with 
Smooth-barked Kauri and Waratah having the thickest leaves. The only species that had 
stomata on both sides of the leaf (i.e. amphistomatous) was the Red-stemmed Wattle. For this 
species, stomatal density on the abaxial and adaxial sides of leaves was not significantly 
different (One-way ANOVA; F = 2.820, P = 0.154). Large-leaved Olive, Grapefruit var. Weeny and 
Orange var. Valencia had leaves with the highest stomatal density while Red-stemmed Wattle 
and Smooth-Barked Kauri had the lowest stomatal density. 
Leaf anatomy traits (thickness of the upper and lower palisade, spongy mesophyll, and 
upper and lower epidermis and cuticle) are presented in Table 4.4. A transverse section of a leaf 
from Waratah var. Starfire, showing different cell and cuticle layers is shown in Fig. 4.2. 
Significant differences were found among species for all of the leaf layers measured (One-way 
ANOVA; F-values ranged from 12.738 to 47.200, P ≤0.001). The thickness of each cell layer 
followed a pattern similar to that of the thickness of the lamina. In general, the upper and lower 
palisade, spongy mesophyll, and upper and lower epidermis were all thinner in mesophytic 
leaves than xerophytic leaves. 
Smooth-barked Kauri (see Fig. 4.3a), Waratah var. Starfire and African Olive had leaves with 
the thickest upper palisade layer and Grapefruit var. Chardonnay, Strawberry and Sunflower 
had the thinnest. The number of cell layers making up the palisade layer differed among species 
and even within species (e.g. African Olive and Sunflower), with Grapefruit var. Weeny and 
Orange var. Valencia both having three cell layers and Bitter Gourd and the two species of 
Banksia having only one cell layer. Palisade cells were only detected on the abaxial side of the 
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leaf of European Olive (one cell layer), Red-stemmed Wattle (two cell layers) and Saw Banksia 
(one cell layer). The thickness of the lower palisade layer of leaves from European Olive was 
about half that compared to the other two species. European Olive, Smooth-barked Kauri and 
Firewheel Tree had the thickest layer of spongy mesophyll. 
Coast Banksia had the thinnest spongy mesophyll, although it needs to be noted that 
distance was measured between the encrypted stomata and the palisade. Both species of 
Banksia and Waratah var. Starfire had thick epidermal cell layers (all xerophytes) and Grapevine 
var. Chardonnay, Orange var. Valencia and both varieties of Sunflower had a thin epidermis (all 
mesophytes). Saw Banksia had the thickest lower epidermis along with Red-stemmed Wattle 
(see Fig. 4.3b). In general, the lower cuticle was thinner than the upper cuticle. Waratah, a 
xerophyte, had the most prominent upper and lower cuticles while several mesophytic species 
(Grapevine var. Chardonnay, Sunflower and Orange var. Valencia) had relatively thin upper 
cuticles. 
No strong correlations were found for all leaf physiological and anatomical datasets 
compared before and 2 min after exposure to smoke. The greatest correlation found was 
between SLA and stomatal conductance before exposure to smoke (r2 = 0.36).  
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(a) (b) 
(d) (c) 
(e) (f) 
Figure 4.1 Morphological and anatomical traits of leaves of selected study species: (a) 
peltate hairs from European Olive viewed from above, (b) peltate hairs in situ on the abaxial leaf 
surface (arrow), (c) stomata on abaxial leaf surface of Red-stemmed Wattle (circled), (d) sunken 
stomata of Smooth-barked Kauri (circled), (e) encrypted stomata of Coast Banksia viewed from 
above, and (f) sunken stomata of Smooth-barked Kauri viewed from above. Scale bars indicate 
50 (a) or 100 µm (b-f). 
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Table 4.2 Types and location of stomata and leaf surfaces of the study species. Study sites are: H = Hawkesbury campus, C = 
Camden Estate Winery (Elderslie), B = Bosch Glasshouse, Camperdown campus, University of Sydney, M = The Australian Botanic 
Garden, Mount Annan. n.d.  = data not determined; Both = adaxial and abaxial sides of the leaf. 
Species 
Study 
site 
Xerophyte / 
mesophyte Type of trichome Trichome distribution Type of stomata 
Agricultural or weed       
African Olive  H Xerophyte Peltate, non-glandular, multicellular Both (abaxial fully covered) Levelled/sunken? 
Bitter Gourd H Mesophyte n.d. n.d n.d. 
Grapefruit var. Weeny H Mesophyte Absent Absent Sunken? 
Grapevine var. 
Chardonnay 
C Mesophyte n.d. n.d. Levelled/raised? 
European Olive H Xerophyte Peltate, non-glandular, multicellular Both (abaxial fully covered) Levelled 
Orange var. Valencia H Mesophyte Absent Absent Sunken? 
Strawberry var. 
Redland Joy 
B Mesophyte Multicellular, uniseriate, non-
glandular 
Abaxial Levelled? 
Sunflower H Mesophyte Multicellular, uniseriate, non-
glandular 
Both n.d. 
Sunflower var. Dwarf 
Sunsation 
B Mesophyte Multicellular, uniseriate, non-
glandular 
Both Levelled/raised? 
Native      
Coast Banksia H and 
M 
Xerophyte Multicellular, uniseriate, non-
glandular 
Abaxial Encrypted 
Firewheel Tree H Xerophyte Absent Absent Levelled 
Large-leaved Olive H Xerophyte Simple trichome, non-glandular Both Sunken 
Red-stemmed Wattle M Xerophyte No hairs Absent Levelled/sunken? 
Saw Banksia M Xerophyte Yes, but not determinable. n.d. Encrypted 
Smooth-barked Kauri H Xerophyte Absent Absent Sunken 
Waratah var. Starfire M Xerophyte Absent Absent Sunken 
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Table 4.3 Morphological leaf traits (mean ± standard deviation, n = 3) of a range of agricultural and native Australian species. SLA = 
specific leaf area; n.d. = data not determined; dash = stomata absent on adaxial leaf surface; (H) = Hawkesbury; (B) = Bosch 
Glasshouse, Camperdown campus, University of Sydney; (M) = The Australian Botanic Garden, Mount Annan. For each species, means 
for each morphological leaf trait followed by the same letter are not significantly different (Tukey HSD post-hoc test, error rate = 0.05).  
Species Leaf area (cm2) 
Moisture 
content (%) SLA (cm2 g-1) 
Leaf thickness 
(µm) 
Stomata 
adaxial 
(mm-2) 
Stomata abaxial 
(mm-2) 
Agricultural or weed       
African Olive  8.7 ± 1.2A 48.0 ± 1.8abc 55.3 ± 5.7A 285.9 ± 30.9bcd - 326.5 ± 40.7de 
Bitter Gourd 81.7 ± 21.5C 78.2 ± 2.8hij 238.2 ± 30.9CDE 136.0 n.d. n.d. 
Grapefruit var. Weeny 32.4 ± 4.1AB 61.2 ± 0.8efg 83.3 ± 7.5AB 265.6 ± 25.3bcd - 489.8 ± 23.8f 
Grapevine var. Chardonnay 135.7 ± 4.3D 73.5 ± 1.4hij 202.0 ± 9.9BCD 117.9 ± 9.3a - 262.2 ± 17.3de 
European Olive 5.5 ± 0.6A 43.3 ± 6.0a 44.1 ± 5.3A 329.1 ± 77.4cd - 350.1 ± 18.7e 
Orange var. Valencia 28.0 ± 2.1AB 55.6 ± 0.8bcde 82.1 ± 4.7AB 189.3 ± 59.3ab - 477. 7 ± 36.0f 
Strawberry 90.3 ± 12.6C 71.2 ± 0.9ghi 148.9 ± 27.9ABCD 128.3 ± 21.8a n.d n.d. 
Sunflower (H) 207.3 ± 16.6E 82.3 ± 4.2j 364.7 ± 175.7E n.d. n.d n.d 
Sunflower (B) 60.7 ± 1.7BC 82.0 ± 1.2ij 265.6 ± 28.1DE 129.4 ± 12.9a n.d. n.d. 
Native       
Coast Banksia (H) 7.3 ± 1.1A 52.4 ± 2.7abcde 62.1 ± 14.2A 170.3 ± 25.6ab n.d. n.d. 
Coast Banksia (M) 10.2 ± 0.8A 46.2 ± 2.9abc 53.3 ± 7.7A n.d. n.d. n.d. 
Firewheel Tree 211.2 ± 40.1E 53.2 ± 1.5abcde 256.3 ± 75.2DE 290.1 ± 39.3bcd - 256.3 ± 75.2cd 
Large-leaved Olive 22.8 ± 4.7A 48.6 ± 16.7abcd 99.1 ± 37.5AB 193.3 ± 18.7ab - 584.9 ± 89.9g 
Red-stemmed Wattle 14.2 ± 5.8A 69.2 ± 1.7fgh 109.6 ± 9.5ABC 235.9 ± 27.4abc 67.3 ± 12.6 55.3 ± 6.3a 
Saw Banksia 22.2± 7.9A 44.8± 2.4ab 40.8 ± 1.4A 349.8 ± 25.9cd n.d. n.d. 
Smooth-barked Kauri 27.8 ± 6.2AB 59.0 ± 0.9def 51.0 ± 9.4A 386.7 ± 81.8d - 79.0 ± 8.5ab 
Waratah var. Starfire 25.4 ± 6.4A 56.5 ± 2.8cde 54.9 ± 25.8A 369.4 ± 44.1d - 167.5 ± 12.5bc 
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Lamina
Upper cuticle
Upper epidermis
Upper palisade
Spongy mesophyll
Lower epidermis
Lower cuticle
Figure 4.2 Leaf transverse of Waratah var. Starfire indicating the different layers of a leaf. 
Scale bar indicates 100 µm. 
Figure 4.3 Transverse section of leaf of Smooth-barked Kauri (a) and Red-stemmed Wattle 
(b). Scale bars indicates 100 µm. 
(b) (a) 
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Table 4.4 Anatomical leaf traits (mean ± standard deviation, n = 3) of a range of agricultural and native Australian species. n.d. = 
data not determined; dash = lower palisade absent on abaxial leaf surface; (H) = Hawkesbury; (B) = Bosch Glasshouse, Camperdown 
campus, University of Sydney; (M) = The Australian Botanic Garden, Mount Annan. For each species, means for each leaf trait followed 
by the same letter are not significantly different (Tukey HSD post-hoc test, error rate = 0.05). 
Species Upper palisade Lower palisade 
Spongy 
mesophyll  
Upper 
epidermis 
Upper 
cuticle 
Lower 
epidermis 
Lower 
cuticle 
 # cell 
layers 
Thickness 
(µm) 
# cell 
layers 
Thickness 
(µm) 
Thickness 
(µm) 
Thickness 
(µm) 
Thickness 
(µm) 
Thickness 
(µm) 
Thickness 
(µm) 
Agricultural or weed          
African Olive  2-3 94.7 ± 4.5AB - - 139.9 ± 37.9DEFG 24.0 ± 1.2ab 3.9 ± 0.3ABC 17.5 ± 2.4cd 1.8 ± 0.7BC 
Bitter Gourd 1 53.3 - - 57.6 15.7 2.7 6.3 1.3 
Grapefruit var. Weeny 3 66.2 ± 12.1AB - - 151.4 ± 30.8EFG 15.4 ± 4.6ab 2.6 ± 0.6AB 12.6 ± 2.3abc 3.1 ± 0.3BC 
Grapevine var. 
Chardonnay 
1-2 38.7 ± 0.1A - - 57.6± 4.0ABC 10.1 ± 3.3a 2.8± 0.5ABC 7.8 ± 1.1a 1.7 ± 0.3AB 
European Olive 2 68.5 ± 9.2AB 1 21.7 ± 6.6a 215.4 ± 46.2G 17.7 ± 4.4ab 5.4 ± 0.3ABCD 11.9± 1.9ab 2.2 ± 0.2BC 
Orange var. Valencia 3 54.0 ± 12.0A - - 119.8 ± 48.1CDEF 10.5 ± 2.9a 2.5 ± 0.6AB 8.4 ± 0.7a 2.2 ± 0.4BC 
Strawberry 2 42.7 ± 5.6A - - 40.1 ± 2.9AB 23.9 ± 7.2ab 2.8 ± 1.2ABC 11.7± 1.8ab 2.6 ± 0.7BC 
Sunflower (B) 1-2 49.0 ± 10.2A - - 63.0 ± 14.5ABCD 10.5 ± 0.9a 2.4 ± 0.3A 8.1 ± 1.2a 2.2 ± 0.5BC 
Native          
Coast Banksia (H) 1 73.1 ± 19.1AB - - 29.9 ± 1.0A 41.8 ± 3.2cd 8.4 ± 2.0DEF 12.2 ± 1.8abc <0.1A 
Coast Banksia (M)  n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
Firewheel Tree 2 67.7 ± 12.4AB - - 172.8 ± 30.7FG 17.6 ± 6.3ab 5.7 ± 0.7BCD 15.2 ± 2.5bcd 3.5 ± 0.9C 
Large-leaved Olive 2-3 69.0 ± 11.0AB - - 87.4 ± 9.3ABCDE 16.4 ± 2.0ab 5.9 ± 1.7CDE 14.6 ± 1.0bcd 3.0 ± 0.5BC 
Red-stemmed Wattle 2 53.6 ± 6.6A 2 49.8 ± 6.0b 83.7± 21.9ABCDE 19.4 ± 4.5ab 3.4± 0.7ABC 19.7 ± 1.9d 3.0 ± 1.0BC 
Saw Banksia 1 77.5 ± 4.4AB 1 59.7 ± 6.3b 115.5 ± 20.3BCDEF 43.9 ± 8.0d 10.1± 1.5F 26.2 ± 1.9e 6.7 ± 0.9D 
Smooth-barked Kauri 2 120.1 ± 68.0B - - 206.0 ± 19.9G 23.1 ± 8.1ab 9.1 ± 1.6EF 14.9 ± 1.6bcd 6.6 ± 0.2D 
Waratah var. Starfire 2 117.0 ± 15.4B - - 170.8 ± 20.0FG 27.8 ± 6.8bc 16.3 ± 1.3G 19.3 ± 2.8d 9.5 ± 0.7D 
134 
 
4.4 Discussion 
There were considerable differences in leaf morphology and anatomy among mesophytic 
and xerophytic plant species. Mesophytic species had greater SLA, greater moisture content and 
a thinner lamina including thinner palisade, mesophyll, epidermis and cuticle layers compared 
to xerophytic species. Although the average stomatal density was greater for mesophytic 
species, it cannot be interpreted as a universal trait as this data could only be collected for few 
species. Furthermore, the range of stomatal density was particularly wide for xerophytic plants. 
Leaf functional traits measured in this study were combined with findings from Chapter 2 and 3 
(Table 4.5). Species that showed recovery of leaf gas exchange and little to no leaf necrosis were 
generally associated with certain states of some leaf functional traits (i.e. thick lamina, thick 
spongy mesophyll and thick lower epidermis and cuticle layer). For other leaf functional traits 
(i.e. leaf pubescence and SLA) there were no apparent association with protection from smoke.  
Xerophytes were characterised by having a thick leaf with thick layers of palisade and 
spongy mesophyll. These functional traits may better protect leaves against the effects of 
smoke due to the longer pathway of ambient CO2 to the site of carboxylation. Several other 
studies have found that in thicker leaves there is a slower rate of photosynthesis (Enríquez et al. 
1996; Garnier et al. 1999). For the process of photosynthesis, CO2 needs to be transported from 
ambient air to the site of carboxylation by passing through cellular structures with varying 
resistances (see Chapter 1.5). A variety of leaf structures impacts on these resistances at each 
step of CO2 conductance (Schuepp 1993; Terashima et al. 2006). One of the major forms of 
resistance is mesophyll conductance, the transport of CO2 from intercellular airspaces to the site 
of carboxylation. Mesophyll conductance plays an important role in photosynthetic capacity 
(Flexas et al. 2008) and anatomical features of the leaf such as leaf thickness and cell shape and 
size, are most likely to affect this process (Terashima et al. 2011; Tomás et al. 2013). For 
example, Niinemets et al. (2009) found strong relationships between mesophyll conductance 
and leaf structure in a wide range of Australian xerophytic species. Tomás et al. (2013) also 
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found that the rate of mesophyll conductance was related to leaf anatomy and differences in 
anatomical traits were responsible for limiting the transport of CO2. In mesophytic leaves these 
differences were due to membrane permeability and cytosol and stromal conductance while in 
xerophytic leaves, mesophyll conductance was mainly limited by cell wall thickness. As many 
studies have not found a direct correlation between mesophyll conductance and the thickness 
of the spongy mesophyll it might not be the best leaf functional trait to measure for indicating 
possible correlations with leaf gas exchange. On the other hand, it is a relatively easy trait to 
measure compared to more detailed leaf anatomy (e.g. cell thickness). 
Another leaf functional trait that typified leaves of xerophytes but not mesophytes 
investigated in this study was the presence of a thick cuticle layer. The cuticle of a leaf 
represents the main barrier between the environment and the underlying leaf tissue thus 
determining exposure to pollutants. Epidermal cells with a thick cell wall provide better 
protection against air pollution than epidermal cells with a thin cell wall (Gostin 2009). It is 
therefore not surprising that a great number of studies investigating the impact of air pollution 
on vegetation have concentrated on the structure and function of the leaf cuticle (Crossley and 
Fowler 1986; Percy et al. 2009; Burkhardt and Pariyar 2014) and that this topic has been 
reviewed extensively by Turunen and Huttunen (1990) and Shepherd and Wyne Griffiths (2006). 
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Table 4.5 Summary of physiological responses to smoke according to changes in leaf gas 
exchange (photosynthesis, stomatal conductance and transpiration) and tissue death as 
described in Chapters 2 and 3. ‘Recovery’ refers to return to pre-smoke rates of photosynthesis, 
stomatal conductance and transpiration within 24 h after exposure to smoke from a variety of 
fuel types. M = mesophyte; X = xerophyte; A = agricultural species; W = weed species; N = native 
species. 
Species 
Response of leaf gas exchange to 
smoke Leaf necrosis 
Orange var. Valencia (M, A) 
Smooth-barked Kauri (X, N) 
Full recovery Limited to none 
African Olive (X, W) 
Grapefruit var. Weeny (M, A) 
Firewheel Tree (X, N) 
Long-leaved Olive (X, N) 
Waratah var. Starfire (X, N) 
Some recovery Limited 
Coast Banksia (X, N) 
Saw Banksia (X, N) 
Little recovery Limited 
Bitter Gourd (M, A) 
Grapevine var. Chardonnay (M, A) 
European Olive (X, A) 
Sunflower; both varieties (M, A) 
Strawberry var. Redland Joy (M, 
A) 
Red-stemmed Wattle (X, N) 
Little recovery Evident after 24 h 
As gaseous compounds in smoke enter the leaf mainly through the stomata, stomatal 
density is likely to have an important role in the extent of smoke infiltration. Within the scope of 
this study there was not a clear distinction in stomatal density between mesophytic and 
xerophytic species. For example, Large-leaved Olive, a xerophyte, had the highest stomatal 
density along with mesophytes Grapefruit var. Weeny and Orange var. Valencia. These and 
other species with relatively high stomatal density were able to recover from exposure to 
smoke and experienced little leaf necrosis (Table 4.5). According to a number of CO2 enrichment 
studies, stomatal density decreases with exposure to an enriched atmosphere (see review by 
Hetherington and Woodward (2003). Therefore, with future predictions of climate change and 
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the subsequent increase in ambient CO2, it is likely that stomatal density will decrease. This may 
be an unforeseen advantage when plants are exposed to smoke. Stomatal size was not 
measured in this study but is another plant functional trait that may have an important role in 
uptake of gaseous compounds in smoke. The combination of information about stomatal size 
together with stomatal density may have provided an explanation for the apparent recovery of 
leaf gas exchange of both mesophytes and xerophytes after exposure to smoke. 
A range of species of mesophytes and xerophytes investigated in this study had trichomes 
on leaf surfaces and their presence or absence did correspond strongly with recovery of leaf gas 
exchange after exposure to smoke. The literature indicated that trichomes might have offered 
some level of protection by reducing the entry of gaseous compounds in smoke via stomata, but 
it was equally clear that trichomes can facilitate accumulation of PM on the outer leaf surface 
(Burkhardt 2010). Similarly, leaf area was not a good indicator of recovery or susceptibility of 
plants to smoke. Although large-leaved mesophyte species such as Sunflower or Grapevine var. 
Chardonnay did not show quick recovery of leaf gas exchange after exposure to smoke, neither 
did xerophytic species such as European Olive or Red-stemmed Wattle with smaller leaves. 
There are several leaf functional traits common in xerophytes that could be used individually 
to explain different responses to exposure to smoke. However, it is more likely that functional 
traits act simultaneously to form either a physical barrier to the entry of compounds and gases 
in smoke into leaf tissues (e.g. the type, size, density and location of stomata; the amount of 
spongy mesophyll and palisadeparenchyma) or onto leaf surfaces (e.g. the presence of 
trichomes and the cuticle layer) or as a response to smoke (rapid closure of stomata after 
exposure). For example, Orange var. Valencia showed quicker response to and recovery from 
exposure to smoke but had similar leaf functional traits (morphological and anatomical) as 
Waratah. Both varieties of citrus tested had the highest stomatal densities but were able to 
withstand the effects of smoke. It is likely that a rapid change in stomatal conductance of leaves 
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of Orange var. Valencia was responsible for the successful return to pre-smoke rates of 
photosynthesis within 24 h after exposure to smoke. 
Several leaf functional traits were chosen for measurement in this study as it was considered 
that they would be likely to confer little to no protection from smoke. Leaf area was one such 
trait. For example, although Firewheel Tree had a relatively large leaf area, according to 
measures of leaf gas exchange, this species recovered reasonably well after exposure to smoke 
whereas mesophytic plants with similar sized leaves did not. The presence of a substantial 
cuticular wax layer and relatively thick leaves, including thick layers of spongy mesophyll and 
palisadeparenchyma, are likely to have offered considerable protection to leaves of Firewheel 
Tree. It is stressed here that these would not be adaptations specifically developed as a 
response to exposure to smoke but are strongly linked with reduction of water loss and other 
environmental stresses such as protection from herbivory and nutrient limitation. 
Given the presence of thick leathery leaves, it was expected that native species including 
Smooth-barked Kauri, Waratah var. Starfire and both species of Banksia would withstand and 
recover from the effects of exposure to smoke. This premise was reinforced for Waratah as this 
variety had the thickest upper and lower cuticle of all species tested. Saw Banksia and Smooth-
barked Kauri also had a thick cuticle, particularly on the upper surface. Unfortunately it was 
difficult to determine the thickness of the lower cuticle of leaves from Coast Banksia. In other 
studies it has been shown that cuticle thickness can be up to 17 µm (Holloway 1994; Jeffree 
1996). Concomitant with thick leaves, layers of mesophyll and palisade cells and the epidermis 
were also bigger compared to mesophyll species. Regardless of this, these species showed little 
to no recovery of leaf gas exchange after 24 h compared to mesophytic species, particularly 
Orange var. Valencia. This again highlights the apparent importance of rapid stomatal closure in 
combination to physical barriers for compounds in smoke. 
In general, leaves from mesophytic plants were more vulnerable to smoke than xerophytic 
plants as they showed signs of tissue death within 24 h after exposure. However, leaves from 
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European Olive, a xerophyte, died when exposed to smoke from a range of fuel types. The 
presence of a thick layer of peltate hairs on abaxial leaf surfaces of European Olive may or may 
not have been the origin of this response. Further speculation about the role of morphological 
and anatomical traits that may be responsible for leaf necrosis is not warranted as the 
experimental conditions used for exposure to smoke (e.g. very high concentrations of smoke 
and more or less even distribution of PM within bags or the smoke chamber) were not 
necessarily comparable to conditions experienced during vegetation burning. For example, in 
pollution studies it has been found that there is likely to be an uneven distribution of PM over 
the canopy of an individual plant (Shaw et al. 1994). 
4.5 Conclusion 
Native Australian plants have adapted their leaf anatomy to survive in water-, temperature- 
and nutrient-limited environmental conditions. This study shows that several leaf characteristics 
may also provide a means of protection against smoke from vegetation fires (e.g. thick lamina, 
encrypted stomata), but some traits may have a negative effect (e.g. trichomes and rough leaf 
surfaces promoting adherence of PM). It was highlighted that physiological responses, such as 
rapid closure of stomata during exposure to smoke, in combination with morphological and 
anatomical leaf traits is advantageous for protection against smoke and recovery after exposure 
to smoke. 
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Chapter 5 Effect of smoke concentration and exposure time on two agricultural 
crop species 
5.1 Introduction 
The concentration of smoke from bushfires and potential exposure to smoke is extremely 
variable and can range from exposure of very short duration with high concentrations of gases 
and particulate matter (PM) to long duration exposure but with low concentrations. On-ground 
measurements of the concentration of components of smoke are hard to measure for bushfires, 
but gathering information about the concentration of smoke from prescribed burns is 
somewhat easier. ‘Smoke concentration’ most commonly refers to the concentration of PM and 
gaseous components of smoke, typically PM10, CO and CO2 but other compounds such as 
hydrocarbons, CH4 and NOX have also been used for reporting purposes. 
A smoke plume consists of many different particulate and gaseous components with the 
main components being carbon-based (see Chapter 1). On average, smoke from biomass 
burning equates to release of about 2290 Tg C year-1 into the atmosphere (Ito and Penner 
2004). This value is considered to be reasonably variable due to inter-annual differences and 
studies have found numbers in the range of 1 Pg to 3 Pg C year-1, which excludes biomass 
burning for domestic purposes (Hoelzemann et al. 2004; Jain et al. 2006; Werf et al. 2006; Werf 
et al. 2010). According to atmospheric carbon emissions from biomass burning, Australia is 
ranked as the third highest source (Ito and Penner 2004). 
Global emissions data from biomass burning are derived from satellite data, a tool that has 
been used more and more frequently over the past decades. Data derived from on-ground 
measurements are often harder to obtain as it is difficult to predict where and when a bushfire 
will take place, but also due to the unpredictability of location and intensity of bushfires, it is not 
easy to get equipment in place to measure a fresh smoke plume. In Australia, studies 
concerning smoke emissions are mostly related to savannah grasslands in the northern part of 
Australia, with data obtained from ground, air and satellite studies (Hurst et al. 1994; Hurst et 
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al. 1996; Shirai et al. 2003; Paton-Walsh et al. 2010). There are only a few studies available that 
have collected and used on-ground data about smoke emissions for Australian forests (Hurst et 
al. 1994; Hurst et al. 1996; Possell and Bell 2013). Studies using on-ground measures of smoke 
concentration during prescribed burns are very recent and are almost all related to the effect of 
smoke on the health of fire fighters. For example, Reisen and Brown (2009) were one of the first 
groups to study the impact of smoke from prescribed burns on fire fighters in Australia. 
Once smoke is produced, weather and topography play an important role in the distribution 
and dispersion of the smoke plume and thus determine how long a given area can be affected 
by smoke. Within the smoke plume there are also differences in transport patterns between PM 
and gaseous compounds, with the latter generally being transported further and remaining in 
the atmosphere longer than PM. The distance between PM deposition and the fire source 
depends on the size of the PM with large particles being moved to the ground within hours and 
smaller particles being able to stay in the atmosphere for days or weeks (Jaenicke 1980). Within 
the surrounding region, knowledge concerning fire behaviour and the local meteorology is 
needed to predict if the smoke plume behaves as a diffuse emission source or is dispersed as a 
coherent plume impacting surfaces along its path (Meyer et al. 2011). For example, in the study 
of Reisen et al. (2011), smoke accumulated and dispersed slowly when entering a valley. 
Anecdotal evidence from the Alpine fires in Victoria in 2003 described smoke persisting in 
valleys for many days (Wareing and Flinn 2003). Therefore, the impact of smoke on its 
surroundings, including vegetation, depends on the distance from the fire source and potential 
accumulation of smoke in certain places in the landscape.  
As mentioned previously, most studies concerning the effects of exposure to smoke are 
related to the effects on human health and few studies have investigated the effects of smoke 
on plant physiology. Agricultural crops are just as likely to be exposed to smoke as native 
vegetation and, as described, the type of exposure can vary in concentration and time. Of the 
limited studies that have examined the effects of smoke on plant physiology all of them used a 
‘single’ concentration of smoke, and in all cases, the concentration of smoke was not known 
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(Gilbert and Ripley 2002; Calder et al. 2010; Bell et al. 2013). It was universally assumed that by 
burning a known and constant weight of fuel, a single concentration of smoke would be 
delivered. The study of Cowan (2010) also used ‘one’ smoke concentration, but this study at 
least included varying exposure times (2, 15 and 45 min). The highlight of the study presented 
here is that plants are experimentally exposed to smoke of different concentrations over a 
range of time. An important and unique feature of this study is that the concentration of CO2 in 
smoke is actually measured and the concentration of CO is derived from this value. As far as it is 
known this has not been done before.  
In Chapters 2 and 3, the effect of smoke on a range of plant species and from different fuel 
types was tested. Following logically from these studies, the aim of this study is to determine if 
smoke of different concentrations applied for variable duration of exposure have effects of 
different magnitude on the physiology of two common agricultural species. It is hypothesized 
that with longer exposure times, the impact of smoke on leaf gas exchange of both species will 
be greater compared to species exposed to smoke for short periods. This response pattern is 
also hypothesized for an increase in smoke concentration, such that the higher the smoke 
concentration is that plants are exposed to the greater the impact on the leaf gas exchange. 
One of the study species, a Strawberry, was chosen as it was considered to have ‘sturdy’ leaves 
(e.g. thick laminar not likely to tear and wilt, see Chapter 4) and it was hypothesized that this 
species would withstand exposure to smoke better than the second study species, a Sunflower 
(large, soft pliable leaves, likely to wilt easily). To test these hypotheses, the two species 
selected were exposed to smoke of ‘low’ and ‘high’ concentrations for a known amount of time 
and their physiological responses were measured.  
5.2 Methods  
5.2.1 Species selection 
Two agricultural crop species, Fragaria x ananassa var. Redland Joy (hereafter referred to as 
‘Strawberry’) and Helianthus annuus var. Dwarf Sunsation (hereafter referred to as ‘Sunflower’) 
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were chosen for this experiment. These species were selected firstly because they had had been 
used in either one of the first two experiments (see Chapter 2 for Sunflower and Chapter 3 for 
Strawberry) where it was shown that exposure to smoke had a substantial effect on leaf gas 
exchange for these species. The second reason is that both are commercial crop species, with 
strawberries growing year-round depending on state, and Sunflowers being a typical summer 
crop. Strawberry production in Victoria and NSW has had an increase in production of up to 80% 
between 1995-1996 and 2009-2010 (Department of Environment and Primary Industries (DEPI). 
Cultivation of Sunflower in Australia is mainly for production of oilseed with between 40 000-80 
000 t of Sunflower oilseed crops produced annually (Australian Bureau of Statistics (ABS) 2008); 
Australian Oilseeds Federation (AOF), 2009). As indicated earlier, the third reason is that the leaf 
anatomy of these two species differs considerably. A more practical reason for the choice of 
species was that plants needed to be small enough to fit in the smoke chamber.  
5.2.2 Plant production 
The Bosch Glasshouse, situated on the Camperdown campus of the University of Sydney, 
NSW, was used for growing plants and conducting the experiment. The Bosch Glasshouse 
consists of several individual naturally-lit temperature-controlled growth rooms (3 × 5 m) fitted 
with wire-mesh benches (4.55 × 0.82 m) on either side of the room. Pots containing Strawberry 
and Sunflower plants were arranged on benches and were rotated regularly to allow even 
growth. Each room contains temperature sensors that are used to control both heating and 
cooling. During the day (07:00 to 18:00), air temperature was maintained at 25 °C and at night 
the temperature was 19 °C. Humidity is not controlled in the growth rooms.  
Fifty de-leaved Strawberry runners (variety Redland Joy) were obtained from Sweet´s 
Strawberry Runners. In October 2012, the runners were planted in soil consisting of 50% 
‘Vegetable and Herb Mix’ soil, 37.5% sand and 12.5% peat. Pot dimensions were 200 mm 
diameter, 250 mm depth, 4.5 L capacity. All plants were irrigated with 500 ml water every third 
day. Flowers and runners were removed continuously throughout the experiment to ensure 
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that plants were investing their energy in establishing leaves. Strawberry plants were grown for 
approximately 3.5 months prior to the start of experimentation. 
Sunflower seeds (var. Dwarf Sunsation; Mr Fothergill’s Seeds and Bulbs, South Windsor, 
Australia) were purchased from a commercial hardware supplier and planted in a thin layer of 
soil to promote germination in December 2012. When the seedlings were about 3 cm tall they 
were transplanted into black plastic pots with dimensions of 175 mm diameter, 230 mm depth 
and 2.0 L capacity using a multi-purpose commercially-available potting mix (Osmocote® 
Professional – Multi Purpose Potting Mix, Scotts Australia, Bella Vista, Australia) and placed in 
the same room of the Bosch Glasshouse as the Strawberry plants. At the time of re-potting, 
each Sunflower plant received one teaspoon of slow-release fertiliser (Osmacote® Plus Trace 
Elements; Scotts Australia, Bella Vista, Australia) spread evenly over the soil surface. All plants 
were irrigated with 250 ml water every third day. Sunflower plants were grown for 
approximately 2 months prior to the start of experimentation. Insect and pest control 
(Confidor®, Bayer Germany, marketed by Yates Australia, Padstow, Australia) was administered 
to Strawberry and Sunflower plants as required. 
5.2.3 Generation of smoke 
Smoke generated from burning leaf litter from E. saligna was used to test the effect of three 
exposure times and two smoke concentrations. Exposure times of 5, 10 and 15 min were used, 
and represent exposure times used in the studies of Gilbert and Ripley (2002), Calder (2010) and 
Bell et al. (2013). Smoke concentrations were calculated using emission factors for CO and CO2 
from leaf litter of Eucalyptus saligna calculated in Chapter 2 and from documented field 
measurements of CO and CO2 measured during exposure studies of fire fighters involved in 
prescribed burning activities (Reisen and Brown 2009). Combining these data allowed 
calculation of the amount of fuel needed to be burnt to achieve similar concentrations of CO 
and CO2 in the smoke chamber as in a prescribed burn. With pre-testing of smoke production by 
monitoring CO2 concentration inside the smoke chamber using a CO2 probe (see below), the 
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weight of fuel required to produce ‘low’ and ‘high’ concentrations of smoke (relative to that 
expected during prescribed burning) was determined (Table 5.1). 
Table 5.1 Amount of Eucalyptus saligna leaf litter burnt to produce the required concentrations 
of smoke. 
Smoke concentration CO calculated (g)* CO2 calculated (g)* Amount burnt (g) 
Low concentration 0.112 0.067 0.5 
High concentration 0.389 0.086 1.0 
* calculated using E. saligna emission factors and CO and CO2 emissions during a prescribed burn 
 
5.2.4 Smoke chamber 
All plants were exposed to smoke in a sealed clear Perspex chamber (0.39 × 0.39 × 0.60 m). 
To facilitate the movement of smoke into the chamber, an inlet and outlet hole was drilled into 
opposite sides of the chamber with the inlet opening located lower than the outlet opening. 
Quarter-turn plug valves (OD ¼ in, Swagelok, Solon, USA) were attached to both openings (see 
Fig. 5.1). A vacuum pump was connected to the outlet side of the smoke chamber to allow 
smoke to be pulled into the chamber. Within the chamber, a 9 V battery-operated computer fan 
(12 V, 8 cm diameter; Ebm-Papst St. Georgen, Hungary) was used to ensure that smoke was 
circulated throughout the whole chamber. An I-button was placed inside the smoke chamber to 
measure potential differences in humidity and temperature during exposure to smoke. As a 
second control measure, another I-button was placed just outside the chamber. To continuously 
measure the concentration of CO2 in smoke within the chamber, a CO2 probe (Carbon Dioxide 
Probe GMP343, Vaisala CARBOCAP®, Helsinki, Finland) was placed inside the chamber at the 
start of every replicate sample. The smoke chamber was sealed at the top with using Blu-Tack 
(Bostik, USA Barker Inc., Fort Wayne, USA).  
For each replicate sample, a known amount of fuel (approximately 0.5 or 1.0 g of E. saligna 
leaf litter) was placed into a fine-mesh metal sieve (inner diameter 2.8 cm) positioned on top of 
a 250 ml conical flask connected by rubber tubing to the valve inlet of the smoke chamber (Fig. 
5.1). A plant was placed inside the smoke chamber via the top lid, which was sealed once the 
plant was inside. Once the inlet valve had been closed, the outlet valve was opened and the 
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vacuum pump (45 L min-1 capacity, pressure >0.015 mPa; Hailea AC Air Compressor, 
Guangdong, China) was turned on for 30 s. The inlet valve was then opened and the fuel was 
ignited using a butane lighter. Smoke was quickly pulled into the chamber until the fuel was 
completely combusted and no more smoke was produced. The vacuum pump was turned off 
and both the inlet and outlet valves were closed. Apart from circulating the smoke evenly 
throughout the chamber with the computer fan, the plants remained undisturbed in the smoke 
chamber for 5, 10 or 15 min.  
5.2.5 Photosynthetic measurements 
As with studies described in Chapter 2 and 3, an open Infrared Gas Analyser (IRGA), Li-Cor 
6400 Portable Photosynthesis System (Li-Cor Inc., Lincoln, USA) was used. The regular Gas 
Exchange Chamber Head was replaced with a 6400-40 Leaf Chamber Fluorometer (Li-Cor Inc., 
Lincoln, USA). This chamber allows for simultaneous measurements of gas exchange and 
fluorescence. The fluorescence data gathered during this experiment was needed for modelling 
described in Chapter 6. Ambient air was pulled into the inlet of the IRGA and scrubbed for CO2 
and excessive H2O using sodalime and drierite, respectively. To the scrubbed air, CO2 at 400 
ppm was added and H2O levels were kept between 50 and 80% humidity. At a flow rate of 500 
µmol m-2 s-1, air was pushed through a 3 cm2 area leaf cuvette in which a leaf was clamped. For 
gas exchange measurements, a quantum flux of 1000 µmol m-2 s-1 was supplied by a LED light 
source and leaf temperature was kept at 25 °C, which was similar to the daytime glasshouse 
temperature. 
Gas exchange measurements including net photosynthesis (A), stomatal conductance to 
water vapour (gs) and transpiration (E) were taken immediately before and after exposure to 
smoke. Gas exchange measurements were taken at two additional time intervals: 150 and 1440 
min after treatment. Gas exchange measurements were completed using the first three fully-
expanded leaves from each of three plants for each treatment. For each treatment (n = 6), six 
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control plants that remained untreated were used for simultaneous measurements of gas 
exchange.  
 
 
 
 
 
5.2.6 Measuring CO and CO2 concentrations 
Using a CO2 probe, the concentration of CO2 (measured in ppm) was monitored inside the 
smoke chamber during smoke exposure. Accordingly, CO values were calculated using values of 
CO2 in the smoke and the emission ratios of CO2:CO for E. saligna leaf litter calculated 
previously (see Section 3.2). 
 
(g) (e) 
(f) 
(h) 
(c) 
(b) 
(a) 
(d) 
Figure 5.1 The conceptual design of the smoke chamber used to expose Strawberry and 
Sunflower plants to smoke of known concentration for a fixed amount of time. Chamber 
components include: (a) a fine-meshed metal sieve where fuel was placed for combustion, (b) 
250 ml Pyrex flask, (c) smoke inlet, (d) CO2 probe, (e) fan, (f) test plant, (g) outlet for removal of 
air inside the chamber, and (h) vacuum pump. 
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5.2.7 Statistical analysis 
Data was analysed using Mixed linear models incorporating repeated measures with an 
unstructured design to allow for repeated covariance. The effect of smoke concentration and 
exposure time was analysed using a nested design with concentration nested within exposure 
time and vice versa. The concentrations of CO2 and CO in smoke were compared using Student’s 
t-tests. The software IBM SPSS Statistics 22 was used. 
5.3 Results 
While doing the experiment it soon became clear that the time of day, morning or 
afternoon, had an impact on gas exchange measurements. Therefore, time of measurement 
was added as an extra factor, which resulted in reducing the amount of replicates from six to 
three for this entire experiment. The variation between morning and afternoon measurements 
was caused by differences in the daily pattern of the leaf gas exchange of both species. Figure 
5.2 shows changes in leaf physiology measured for six uneven but distinct time categories 
during the day for control plants of Strawberry and Sunflower. It is evident that for both species 
there is daily variation in photosynthesis and stomatal conductance, with lower values at the 
start and the end of the day and peak values around the middle of the day. The variation in 
photosynthesis was much greater for Sunflower than for Strawberry. For Strawberry, the daily 
pattern of photosynthesis started at around 8 µmol m-2 s-1, peaked at 12 µmol m-2 s-1 in the 
middle of the day and dropped back to around 5.5 µmol m-2 s-1 around 19:00 h (Fig. 5.2a). 
Sunflower already had high rates of photosynthesis at the start of the morning measurements 
with mean values of 16 µmol m-2 s-1, peaking at 19 µmol m-2 s-1 around 13:30 h and rapidly 
dropping to 5.5 µmol m-2 s-1 during the last measurement at around 19:00 h (Fig. 5.2b). The 
daily pattern of photosynthesis of Sunflower clearly showed a peak in the afternoon, whereas 
for Strawberry a peak was not as evident with similar photosynthetic rates for the time period 
between 10:00 h and 14:30 h. Similar daily patterns were measured for stomatal conductance 
(Fig. 5.2c, d).  
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The concentrations of CO2 and CO inside the smoke chamber for all treatments are shown in 
Fig. 5.3. A clear difference was found between the low and high smoke concentrations, with low 
smoke concentrations ranging from 1137 to 2365 ppm CO2 and high concentrations from 3392 
to 4427 ppm CO2 ppm for treatments involving Strawberry. The accompanying values for 
concentration of CO for this data set ranged from 34 to 70 ppm for the low smoke 
concentrations and from 96 to 129 ppm for the high smoke concentration. For treatments 
involving Sunflower, the concentration of CO2 for the low smoke concentration treatment 
ranged from 1896 to 2317 ppm and from 3014 to 4121 ppm for the treatment with high smoke 
concentration. For the derived concentration of CO, values ranged from 54 to 77 ppm and from 
85 to 126 ppm, for low and high smoke concentrations respectively (Fig. 5.3). There were no 
statistical differences between smoke concentrations used in treatments administered in the 
morning or afternoon (Student’s t-tests, P >0.05). 
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Figure 5.2. Rates of photosynthesis (a, b) and stomatal conductance (c, d) of control plants 
measured during six time intervals throughout the day for Strawberry (a, c) with n = 18 
replicates for the first three time intervals and n = 17 for the remaining time intervals, and for 
Sunflower (b, d) with n = 17 for all time intervals. The time intervals used were uneven and for 
Strawberry were: 07:00-08:30, 10:00-11:30, 12:30-13:30, 13:30-14:30, 16:00-17:30 and 18:00-
20:00 h, and for Sunflower: 07:30-08:30, 10:30-12:00, 13:00-14:00, 14:00-15:00, 16:00-18:00 
and 18:00-20:00 h. 
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Figure 5.3 Mean (± standard error) concentrations of CO2 and CO inside the smoke chamber 
during the six treatments for the morning and afternoon measurements (n = 3) for Sunflower (a, 
b) and Strawberry (c, d).  
 
Photosynthetic measurements for Strawberry before and at three times after exposure to 
smoke (5, 10 and 15 min) at low concentrations and treated either in the morning or afternoon 
are presented in Fig. 5.4. Except for the 5 min exposure treatment in the morning, all other 
treatments had an immediate impact on leaf gas exchange. For 5 min exposure to smoke at low 
concentration, the mean photosynthetic rate after 2 min was still 10.39 µmol m-2 s-1 and the 
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control was 11.28 µmol m-2 s-1. For the five other treatments, rates of photosynthesis dropped 
to between 2.49 and 5.40 µmol m-2 s-1, which was much lower compared to the control 
treatments (8.32 and 11.48 µmol m-2 s-1). 
Comparing rates of photosynthesis after exposure to  low concentration smoke to matched 
control plants indicated that there was a significant difference between all the three exposure 
times in the afternoon (Mixed linear model, repeated measures, F = 25.555, P = 0.007; F = 
555.166, P <0.001; F = 32.984, P = 0.007 for the 5, 10 and 15 min exposure to smoke, 
respectively). For the three treatments done in the morning, no significant differences were 
found between the control and smoke treatments within 24 h after exposure to smoke (Mixed 
linear model, repeated measures, F = 0.038, P = 0.854; F = 4.615, P = 0.059; F = 1.962, P = 0.220 
for the 5, 10 and 15 min exposure to smoke, respectively). For plants treated in the morning 
there were no significant differences in photosynthetic rates among exposure times (Mixed 
linear model, repeated measures, F = 2.453, P = 0.167). However, a significant difference was 
found for photosynthesis of Strawberry leaves exposed to smoke for increasing periods of time 
in the afternoon (Mixed linear model, repeated measures, F = 38.088, P <0.001). The differences 
were significant for the 5 and 10 min and 10 and 15 min exposure times (Bonferroni post-hoc 
tests, both P = 0.001), but not for the 5 and 15 min exposure times (Bonferroni post-hoc test, P 
= 1.000). No sigfnificant differences were found between exposure times for plants exposed to a 
high smoke concentration treated in the morning (F = 0.437, P = 0.665)  or afternoon (F = 1.660, 
P = 0.212). 
The effect of strawberry plants exposed to a high concentration smoke for different periods 
of time either during the morning or afternoon are presented in Fig. 5.5. High concentration 
smoke continued to have a significant effect on photosynthesis after 24 h for plants exposed to 
smoke in the morning for all three exposure times (Mixed linear model, repeated measures, F = 
16.324, P = 0.016; F = 926.038, P = 0.001; F = 22.497, P = 0.009 for 5, 10 and 15 min exposure, 
respectively). However, for the treatments done in the afternoon, there were no significant 
effects remaining after 24 h for the 5 and 15 min exposure times (Mixed linear model, repeated 
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measures, F = 30.600, P = 0.781; F = 1.417, P = 0.300, respectively). The photosynthetic 
response after 24 hr for the 10 min exposure could not be analysed statistically due to missing 
data that was caused by equipment failure leading to an unreadable file. After exposure to high 
concentration smoke, photosynthetic rates dropped immediately to below 2.50 µmol m-2 s-1 at 
the 2 min time point for all treatments (i.e. three exposure times in either the morning or 
afternoon). In comparison, rates of photosynthesis for the control plants remained above 8.60 
µmol m-2 s-1. 
A comparison was made between photosynthetic rates of Strawberry plants exposed to low 
concentration smoke (Fig. 5.4) with plants exposed to high concentration smoke (Fig. 5.5). To 
account for differences due to exposure time (n = 3) and time of day (n = 2) on the leaf gas 
exchange, comparisons between data collected from low and high concentration treatments 
were made for each exposure time. There were no significant differences for 5 min exposure 
treatments in either the morning or afternoon (Mixed linear model, repeated measures, F = 
4.063, P = 0.114, F = 0.428, P = 0.539, respectively), 10 min exposure treatments in either the 
morning or afternoon (Mixed linear model, repeated measures, F = 1.985, P = 0.229; F = 0.042, P 
= 0.851, respectively) and the 15 min exposure treatment in the morning (Mixed linear model, 
repeated measures, F = 3.729, P = 0.126). However, there was a significant difference between 
the low and high smoke concentration for the 15 min smoke exposure treatment in the 
afternoon (Mixed linear model, repeated measures, F = 19.776, P = 0.011). 
As with Strawberry, gas exchange measurements were made for Sunflower plants exposed 
for 5, 10 and 15 min to low concentration smoke in the morning and afternoon (Fig. 5.6). Smoke 
had an immediate impact by causing lower photosynthetic rates when treatments were done in 
the morning (i.e. 0.913, -1.56 and 0.66 µmol m-2 s-1 for 5, 10 and 15 min exposure, respectively), 
but only for the 15 min exposure treatment done in the afternoon (-0.20 µmol m-2 s-1). Rates of 
photosynthesis for the control plants ranged from 18.09 to 18.88 µmol m-2 s-1 for the morning 
treatments and from 12.54 to 12.95 µmol m-2 s-1 for the afternoon treatments. In the morning, 
rates of photosynthesis of the control plants were significantly higher than for smoke-treated 
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plants (Mixed linear model, repeated measures, F = 214.455, P <0.001; F = 146.361, P <0.001 
and F = 177.380, P <0.001 for 5, 10 and 15 min smoke exposure, respectively). Measurements 
done in the afternoon showed the opposite pattern with no significant difference found for 
plants in either the 5, 10 or 15 min treatments (Mixed linear model, repeated measures, F 
=0.267, P = 0.633; F = 3.217, P = 0.147 and F = 0.587, P = 0.487, respectively). 
To determine if exposure time had an effect on photosynthesis, a comparison was made 
among plants treated in the morning or afternoon. The three different exposure times were 
significantly different for plants used in treatments in the morning (Mixed linear model, 
repeated measures, F = 11.642, P = 0.009) and in the afternoon (Mixed linear model, repeated 
measures, F = 17.627, P = 0.003). For the plants in treatments done in the  morning, differences 
in rates of photosynthesis were found between the 5 and 10 min (Bonferroni post-hoc test, P = 
0.012) and 10 and 15 min treatments (Bonferroni post-hoc test, P = 0.030). There were no 
significant differences between the rates of photosynthesis for plants in the 5 and 10 min 
treatment (Bonferroni post-hoc test, P = 1.000). For treatments done in the afternoon, rates of 
photosynthesis for plants used in the 5 and 10 min treatments were not significantly different 
(Bonferroni post-hoc test, P = 0.212), but rates of photosynthesis associated with the 10 and 15 
min (Bonferroni post-hoc test, P = 0.003) and 5 and 15 min treatments were (Bonferroni post-
hoc test, P = 0.031). Rates of photosynthesis of plants used in control treatments were not 
significantly different among all exposure times (Mixed linear model, repeated measures, F 
ranged from 0.108 to 3.073, P ranged from 0.121 to 0.899). 
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Figure 5.4 Rates of photosynthesis (mean ± standard deviation) of Strawberry measured 
before (left of the dashed line) and at three times after exposure to low concentration smoke 
(right of the dashed line) measured in the morning (a, c, and e) and afternoon (b, d and f) for 
three different exposure times: 5 min (a and b), 10 min (c and d) and 15 min (e and f).  
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Figure 5.5 Rates of photosynthesis (mean ± standard deviation) of Strawberry measured 
before (left of the dashed line) and at three times after exposure to high concentration smoke 
(right of the dashed line) measured in the morning (a, c, and e) and afternoon (b, d and f) for 
three different exposure times: 5 min (a and b), 10 min (c and d) and 15 min (e and f).  
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As for the low smoke concentration, photosynthesis of Sunflower from before and at three 
times after exposure to high smoke concentration for 5, 10 and 15 min are presented in Fig. 5.7. 
Differences between rates of photosynthesis of the control plants and plants exposed to smoke 
were found for all treatments done in the morning (Mixed linear model, repeated measures, F 
ranged from 32.054 to 214.455, P ranged from <0.001 to 0.005). The treatments done in the 
afternoon were only significantly different when plants were exposed to high concentration 
smoke for 5 min (Mixed liner model, repeated measures, F = 673.346, P <0.001). For plants from 
all the other smoke treatments, no significant differences were found in rates of photosynthesis 
between the control and smoke treatments (Mixed liner model, repeated measures, F ranged 
from 0.267 to 5.265, P ranged from 0.083 to 0.633). The period of smoke exposure had a 
significant effect on photosynthesis of Sunflower plants exposed to high concentration smoke in 
both the morning (Mixed linear model, repeated measures, F =11.642, P = 0.009 and afternoon 
(F = 17.627, P = 0.003). In the morning, rates of photosynthesis were significanty different 
between the 5 and 10 min treatments (Bonferroni post-hoc test, P = 0.012) and the 10 and 15 
min treatments (Bonferroni post-hoc test, P = 0.030). In the afternoon, differences between 
photosynthesic rates was found for the 5 and 15 min (Bonferroni post-hoc test, P = 0.031) and 
the 10 and 15 min treatments (Bonferroni post-hoc test, P = 0.003), but no significant difference 
was found between the 5 and 10 min treatments (Bonferroni post-hoc test, P = 0.212). Simiarly, 
no significant differences were found for rates of photosynthesis among exposure times for 
plants exposed to high concentration smoke in the morning (Mixed liner model, repeated 
measures, F =0.038, P = 0.963) or afternoon (F = 1.514, P = 0.270). 
To investigate if variation in smoke concentration had an impact on leaf gas exchange of 
Sunflower, data from low smoke concentration treatments (Fig. 5.6) were compared to data 
from high smoke concentration treatments (Fig. 5.7). For 5 min exposure treatments done in 
both the morning and afternoon, significanct differences in rates of photosynthesis between 
low and high smoke concentrations were found (Mixed liner model, repeated measures, 
morning: F = 42.054, P = 0.003; afternoon: F = 31.562, P = 0.005).  For 10 min smoke exposure 
158 
 
treatments a significant difference was found in photosynthesis for plants treated in the 
afternoon (Mixed liner model, repeated measures, F = 93.986, P = 0.001), but not for 
treatments done in the morning (Mixed liner model, repeated measures, F = 0.505, P = 0.517). 
No statistics could be done to compare rates of photosynthesis for plants exposed to high 
concentration smoke for 15 min as replicate plants were not available. After 24 h, a 
considerable difference was found for mean photosynthetic rates for plants treated in the 
morning with low concentration smoke (15.09 µmol m-2 s-1) compared to plants treated in the 
morning with high concentration smoke (0.92 µmol m-2 s-1). For plants treated in the afternoon, 
differences in mean rates of photosynthesis after 24 h was not as great for plants treated with 
low concentration smoke (9.58 µmol m-2 s-1) compared to high concentration smoke (7.91 µmol 
m-2 s-1). 
Overall, smoke had an apparently greater impact on leaf gas exchange of Sunflower 
compared to Strawberry. After 24 h, rates of photosynthesis for all Strawberry plants (i.e. low 
and high smoke concetration treatments) were similar to control plants (Figs. 5.4 and 5.5). 
Although rates of photosynthesis after 24 h for Sunflower plants exposed to low concentration 
smoke were similar to control plants (Fig. 5.6), this was not the case for plants exposed to high 
concentration smoke (Fig. 5.7). 
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Figure 5.6 Rates of photosynthesis (mean ± standard deviation) of Sunflower measured 
before (left of the dashed line) and at three times after exposure to low concentration smoke 
(right of the dashed line) measured in the morning (a, c, and e) and afternoon (b, d and f) for 
three different exposure times: 5 min (a and b), 10 min (c and d) and 15 min (e and f).  
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Figure 5.7 Rates of photosynthesis (mean ± standard deviation) of Sunflower measured 
before (left of the dashed line) and at three times after exposure to high concentration smoke 
(right of the dashed line) measured in the morning (a, c, and e) and afternoon (b, d and f) for 
three different exposure times: 5 min (a and b), 10 min (c and d) and 15 min (e and f). 
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Rates of stomatal conductance and transpiration for Strawberry standardised against 
control data (see Chapter 3, Eqn. 3.1) measured before and after exposure to 5, 10 and 15 min 
of smoke at low and high concentrations are presented in Table 5.2. When comparing the 
treatment hypothesized to have the smallest effect on gas exchange (i.e. 5 min exposure to 
smoke of low CO2 concentration) with the treatment suggested to have the greatest effect (i.e. 
15 min exposure to smoke with high CO2 concentration), plants in the latter treatment displayed 
the biggest decrease in both stomatal conductance and transpiration rates immediately after 
exposure to smoke. This was not surprising as this pattern was also found for rates of 
photosynthesis (Figs. 5.3 and 5.4). Despite conforming to the general pattern, no significant 
differences were found for stomatal conductance when exposure times were compared for 
post-smoke data (Mixed linear model, repeated measures, F ranged from 0.556 to 5.057, P 
ranged from 0.056 to 0.600). 
Using the same method for standardising data for transpiration, a significant difference was 
only evident for plants exposed to high concentration smoke in the morning (Mixed linear 
model, repeated measures, F = 12.370, P = 0.010). Rates of transpiration for plants exposed to 
high concentration smoke was significantly different to low smoke concentration for the 5, 10 
and 15 min morning treatments (F = 50.587, P = 0.002; F = 11.634, P = 0.042; F = 20.086, P = 
0.011, respectively). The concentration of smoke used did not have an impact on transpiration 
of plants treated in the afternoon (F ranged from 1.941 to 4.424; P ranged from 0.103 to 0.254). 
Overall, all smoke treatments had an impact on rates of stomatal conductance and transpiration 
for Strawberry, with most treatments having rates similar to control plants after 24 h of 
recovery. 
conductance and transpiration rates for Sunflower after application of smoke at two 
concentrations and for three exposure times are presented in Table 5.3. Patterns similar to that 
of Strawberry were found for both stomatal conductance and transpiration, but the differences 
compared to control plants and among the treatments were greater than for Strawberry. This 
was also the case for rates of photosynthesis. 
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Table 5.2 Rates of stomatal conductance and transpiration of Strawberry for smoke and control pre-smoke (control) treatments 
standardised against control smoke (mean ± standard deviation, n = 3 plants) representing the ratio of stomatal conductance and 
transpiration of control pre-smoke treatment to the control smoke at time of measurement multiplied to the photosynthetic rate of 
the smoke treatment at time of measurement. Results from the 12 treatments are given (exposure time (n = 3), smoke concentration 
(n = 2) and time of day (n = 2)). 
 
Treatment 
Stomatal conductance (gs)  Transpiration (E) 
5 min 10 min 15 min 5 min 10 min 15 min 
Morning – Low concentration       
Control 0.15 ± 0.01 0.19 ± 0.02 0.14 ± 0.03  1.92 ± 0.10 2.60 ± 0.79 1.78 ± 0.17 
2 min 0.11 ± 0.04 0.11 ± 0.03 0.11 ± 0.02  1.25 ± 0.31 1.64 ± 0.39 1.45 ± 0.48 
150 min 0.10 ± 0.03 0.09 ± 0.04 0.08 ± 0.04  1.09 ± 0.17 1.27 ± 0.59 1.08 ± 0.52 
1440 min 0.11 ± 0.05 0.18 ± 0.02 0.14 ± 0.05  1.26 ± 0.55 2.27 ± 0.64 1.77 ± 0.47 
Afternoon – Low concentration        
Control 0.17 ± 0.03 0.14 ± 0.06 0.21 ± 0.05  2.67 ± 0.42 2.26 ± 0.66 2.60 ± 0.55 
2 min 0.09 ± 0.05 0.13 ± 0.09 0.13 ± 0.03  1.40 ± 0.78 2.24 ± 1.71 1.87 ± 0.53 
150 min 0.08 ± 0.06 0.11 ± 0.02 0.10 ± 0.04  1.29 ± 0.99 1.79 ± 0.57 1.38 ± 0.36 
1440 min 0.12 ± 0.02 0.22 ± 0.07 0.22 ± 0.02  1.54 ± 0.49 3.68 ± 1.71 3.27 ± 0.19 
Morning – High concentration        
Control 0.08 ± 0.05 0.15 ± 0.03 0.09 ± 0.04  0.89 ± 0.57 1.68 ± 0.36 1.08 ± 0.60 
2 min  0.05 ± 0.05 0.11 ± 0.02 0.04 ± 0.04  0.64 ± 0.57 1.29 ± 0.28 0.57 ± 0.45 
150 min  0.01 ± 0.01 0.05 ± 0.03 0.02 ± 0.01  0.15 ± 0.12 0.61 ± 0.39 0.27 ± 0.14 
1440 min 0.04 ± 0.03 0.06 ± 0.00 0.07 ± 0.02  0.44 ± 0.38 0.70 ± 0.00 0.89 ± 0.27 
Afternoon – High concentration        
Control 0.13 ± 0.04 0.12 ± 0.02 0.22 ± 0.04  1.62 ± 0.44 1.40 ± 0.14 2.54 ± 0.36 
2 min 0.10 ± 0.06 0.11 ± 0.03 0.18 ± 0.05  1.29 ± 0.66 1.52 ± 0.32 2.41 ± 0.51 
150 min 0.17 ± 0.14 0.10 ± 0.04 0.33 ± 0.18  2.27 ± 2.06 1.20 ± 0.50 4.10 ± 2.12 
1440 min 0.13 ± 0.02 0.06 ± 0.06 0.15 ± 0.08  1.48 ± 0.02 0.82 ± 0.77 1.82 ± 0.62 
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Table 5.3 Rates of stomatal conductance and transpiration of Sunflower for smoke and control pre-smoke (control) treatments 
standardised against control smoke (mean ± standard deviation, n = 3 plants) representing the ratio of stomatal conductance and 
transpiration of control pre-smoke treatment to the control smoke at time of measurement multiplied to the photosynthetic rate of 
the smoke treatment at time of measurement. Results from the 12 treatments are given (exposure time (n = 3), smoke concentration 
(n = 2) and time of day (n = 2)). * = low replication (n = 2). 
Treatment 
Stomatal conductance (gs)  Transpiration (E) 
5 min 10 min 15 min 5 min 10 min 15 min 
Morning – Low concentration       
Control 0.19 ± 0.10 0.37 ± 0.27 0.32 ± 0.22  2.38 ± 0.96 3.57 ± 1.71 3.20 ± 1.93 
2 min 0.07 ± 0.04 0.22 ± 0.08 0.23 ± 0.18  0.98 ± 0.47 2.46 ± 0.58 2.31 ± 1.59 
150 min 0.09 ± 0.05 0.18 ± 0.16 0.23 ± 0.18  1.17 ± 0.55 1.81 ± 1.11 2.08 ± 1.46 
1440 min 0.22 ± 0.13 0.22 ± 0.13 0.26 ± 0.12  2.57 ± 1.21 2.47 ± 0.67 2.68 ± 0.67 
Afternoon – Low concentration        
Control 0.20 ± 0.06 0.19 ± 0.08 0.21 ± 0.07  2.43 ± 0.68 2.50 ± 0.73 2.62 ± 0.99 
2 min 0.20 ± 0.12 0.34 ± 0.17 0.25 ± 0.24  2.30 ± 1.56 4.04 ± 1.68 2.81 ± 2.26 
150 min 0.28 ± 0.07 0.34 ± 0.14 0.22 ± 0.23  3.21 ± 0.97 4.28 ± 1.48 2.56 ± 2.49 
1440 min 0.26 ± 0.12 0.37 ± 0.17 0.29 ± 0.25  3.17 ± 1.55 4.24 ± 1.59 3.20 ± 2.46 
Morning – High concentration        
Control 0.43 ± 0.19 0.51 ± 0.08 0.43 ± 0.35  3.81 ± 1.19 4.9 ± 0.36 3.34 ± 2.16 
2 min 0.34 ± 0.08 0.40 ± 0.07 0.43 ± 0.33  3.19 ± 0.16 4.17 ± 0.50 3.49 ± 1.84 
150 min 0.28 ± 0.11 0.53 ± 0.26 0.27 ± 0.22  2.61 ± 0.62 4.75 ± 1.83 2.35 ± 1.57 
1440 min 0.29 ± 0.07 0.44 ± 0.24 0.06*   2.57 ± 0.51 4.03 ± 1.45 0.79*  
Afternoon – High concentration        
Control 0.49 ± 0.21 0.38 ± 0.12 0.33 ± 0.20  4.75 ± 1.75 4.43 ± 0.99 3.97 ± 1.75 
2 min 0.74 ± 0.43 0.52 ± 0.20 0.34 ± 0.21  6.88 ± 3.05 5.97 ± 2.34 3.54 ± 1.54 
150 min 0.98 ± 0.73 0.74 ± 0.51 0.56 ± 0.42  8.46 ± 5.36 8.70 ± 6.29 5.90 ± 3.32 
1440 min 0.46 ± 0.21 0.36 ± 0.16 0.48 ± 0.38  4.53 ± 1.48 4.24 ± 2.18 5.26 ± 3.50 
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Mixing ratios of CO2 measured inside the smoke chamber for each treatment are plotted 
against photosynthetic rates measured at 2 min after plants were exposed to smoke in Fig. 5.8 
(Strawberry) and Fig. 5.10 (Sunflower). Mean rates of photosynthesis of all plants used as 
controls are also presented to indicate reductions in photosynthesis after 5, 10 and 15 min of 
exposure to smoke (Fig. 5.9 (Strawberry) and Fig. 5.11 (Sunflower)). For Strawberry, the 
decrease in photosynthesis at low CO2 mixing ratios was relatively small but became greater 
with increasing CO2 mixing ratios (Fig. 5.8). A linear least-squares regression gave the best fit for 
representing the decline in rate of photosynthesis at 2 min post-smoke with increase in smoke 
concentration for each of the three exposure times tested (Fig. 5.9). The strongest relationship 
(i.e. highest r2-value) was for the 10 min exposure treatment (r2 = 0.75), followed by the 5 min 
treatment (r2 = 0.58). Due to considerable variation in the data (Fig. 5.9c), there was not a 
strong relationship between photosynthesis and CO2 for the 15 min exposure treatment (r
2 = 
0.29). 
For Sunflower plants treated at low CO2 mixing ratios, rates of photosynthesis dropped 
significantly (see description Fig. 5.6), and for all the CO2 mixing ratios above 3000 ppm CO2, 
photosynthetic rates were negative. Linear least-square regression showed a relatively strong 
relationship between rates of photosynthesis after 5 min exposure to smoke (r2 = 0.66), but a 
weaker relationship for rates of photosynthesis after 10 min (r2 = 0.33) and 15 min exposure to 
smoke (r2 = 0.38). 
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Figure 5.8 Effect of 5, 10 and 15 min of exposure to smoke with low and high CO2 
concentrations on rates of photosynthesis of Strawberry measured before (white symbols) and 
at 2 min after smoke exposure (shaded symbols). Smoke concentration was determined by 
measuring the concentration of CO2 (ppm) inside the smoke chamber during smoke treatments. 
Rates of photosynthesis prior to smoke treatment (pre-smoke; mean ± standard deviation; n = 
12) are given. 
 
Figure 5.9 Effect of 5 (a), 10 (b) and 15 min (c) of exposure to smoke with low and high CO2 
concentrations on rates of photosynthesis of Strawberry at 2 min after exposure to smoke. 
Smoke concentration was determined by measuring the concentration of CO2 (ppm) inside the 
smoke chamber during smoke treatments. The solid black line represents the linear regression 
and the blue lines represent 95% confidence limits. 
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Figure 5.10 Effect of 5, 10 and 15 min of exposure to smoke with low and high CO2 
concentrations on rates of photosynthesis of Sunflower measured before (white symbols) and 
at 2 min after smoke exposure (shaded symbols). Smoke concentration was determined by 
measuring the concentration of CO2 (ppm) inside the smoke chamber during smoke treatments. 
Rates of photosynthesis prior to smoke treatment (pre-smoke; mean ± standard deviation; n = 
12) are given. 
 
Figure 5.11 Effect of 5 min (a), 10 min (b) and 15 min (c) of exposure to smoke with low and 
high CO2 concentrations on rates of photosynthesis of Sunflower at 2 min after exposure to 
smoke. Smoke concentration was determined by measuring the concentration of CO2 (ppm) 
inside the smoke chamber during smoke treatments. The solid black line represents the linear 
regression and the blue lines represent 95% confidence limits. 
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5.4 Discussion 
Extended exposure to smoke and higher smoke concentrations had a negative impact on the 
leaf gas exchange of both Sunflower and Strawberry, but this impact was relatively small for 
Strawberry. Leaf gas exchange of Sunflower plants exposed to low concentration smoke was 
affected to a greater extent with longer exposure times, but plants exposed to high smoke 
concentrations were affected to the same extent regardless of exposure time. In contrast, 
Strawberry plants only showed greater impact on gas exchange when plants were exposed to 
low concentration smoke in the afternoon. Such differences in the effect of smoke on leaf gas 
exchange between Strawberry and Sunflower may be related to leaf anatomy (See Chapter 4) 
but is also likely to depend on physiological limitations (see Chapter 6).  
After 24 h, photosynthetic rates, transpiration and stomatal conductance of Strawberry 
plants exposed to smoke were similar to control plants. This was not the case for Sunflower as 
rates of photosynthesis of plants exposed to smoke for 10 min or more remained close to zero 
after 24 h. Other studies investigating the effect of smoke on the leaf gas exchange also found 
recovery of photosynthesis within 24 h (Gilbert and Ripley 2002; Calder et al. 2010; Bell et al. 
2013) but on several occasions plants did not recover (e.g. Gilbert and Ripley 2002). This may 
indicate that there is a threshhold level of smoke concentration and/or duration before smoke 
has a permanent negative impact on the leaf resulting in tissue death. There was considerable 
variation in gas exchange of Sunflower after exposure to smoke (less so for Strawberry), most 
likely due to variation in smoke concentration. Although smoke was generated in the same way 
for all treatments, it was not possible to precisely control the concentration of smoke using the 
system described. However, knowing the CO2 mixing ratio of the smoke used for each treatment 
is a significant advancement on previous published studies.  
The CO2 mixing ratios measured in the smoke chamber during each treatment were used to 
model the effect of smoke on leaf photosynthesis. A relationship with increasing CO2 and 
decreasing photosynthesis was evident, but least-square regression analysis showed a relatively 
low correlation for each time treatment for both Strawberry and Sunflower. An increase in the 
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concentration of smoke treatments used may result in a better correlation between these two 
variables as there was a ‘gap’ in the data for exposure to an intermediate smoke concentration. 
It would be interesting to determine what happens at very low concentrations of smoke with 
CO2 mixing ratios between ambient CO2 and 1000 ppm CO2. This scenario would be applicable in 
the field as Reisen and Brown (2009) found the average CO2 concentration during prescribed 
burns was between 410 and 670 ppm and the CO2 peak was between 450 and 1000 ppm. The 
final step in amassing a strong data set for modelling smoke exposure would be to measure 
photosynthetic rates of native and agricultural plants and the corresponding CO2 mixing ratios 
of smoke during a prescribed burn or bushfire. 
Diurnal patterns of plants, especially in the case for Sunflower, seemed to have an impact on 
physiological vulnarability when exposed to smoke. In this study, the stomatal conductance of 
Sunflower decreased relatively early in the afternoon potentially making it less vulnerable to 
smoke at this time of day. As air pollutants can cause leaf injury after entering the stomata 
(Kozlowski 1980), plants with closed stomata will be impacted less by smoke than plants with 
fully open stomata. This also means that on days that weather conditions and enough water 
availability causes the stomata to be fully open, plants will be most vulnerable to the effects of 
smoke. Similarly, when plants are under drought stress and have closed stomata to prevent 
excessive water loss, the plants might be better able to withstand exposure to smoke. Further 
research is needed to test this hypothesis. 
Although other studies that investigated the effect of smoke on plants also used some type 
of smoke chamber (Gilbert and Ripley 2002; Calder et al. 2010; Bell et al. 2013), it should be 
questioned how realistic the use of a smoke chamber is. It is an ideal apparatus for regulating 
smoke concentration and exposure time, but for other components of smoke such as PM, 
patterns of deposition would most likely be different when plants are exposed to smoke from 
bushfires or prescribed burns. As only a small amount of homogenised fuel was burnt in this 
study, the production of PM is likely to be small. It should also be noted that, depending on size 
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of PM, distance from the fire source plays an important role in deposition. Hence, studies in the 
field are needed.   
Few studies have investigated the short-term effect of high CO2 exposure on the leaf gas 
exchange, but a great deal of information is available on the long-term effects of elevated CO2.  
Ainsworth and Rogers (2007) did a meta-analysis on Free Air Enriched CO2 experiments 
comparing the effect of elevated CO2 on the response of photosynthesis and stomatal 
conductance. Elevated CO2 increased light-saturated photosynthesis in C3 plants by an average 
of 31% and decreased stomatal conductance by 22%. For herbaceous plants, similar increases in 
photosynthesis under conditions of elevated CO2 were found (Farrar and Williams 1991). 
Keutgen et al. (1997) investigated gas exchange of Strawberry plants growing at CO2 levels in 
the range of 300 to 900 ppm. An increase in photosynthesis was only detected when plants 
were grown at CO2 levels up to 600 ppm and plants grown above this level showed a decrease 
in net photosynthesis. Interestingly, rates of transpiration and stomatal conductance were not 
affected by the increase of CO2 up to 900 ppm. Inhibition of photosynthesis in Strawberry plants 
grown under elevated CO2 was also found by Moon (1990). To the contrary, Strawberry plants 
grown under artificial light and at elevated levels of CO2 showed a 71-77% increase in 
photosynthesis (Wu et al. (2012). 
Most of the elevated CO2 studies have been done using treatments between 400 and 1000 
ppm. Apart from plants being exposed to increased CO2 for greater periods of time than in this 
study, CO2 levels in smoke were between 1000 and 4200 ppm. Very few studies have been done 
looking at the effect of very high levels of CO2 on plants. The study of Pallas (1965) is one of the 
few studies that used a CO2 concentration in the range of 1000 to 4000 ppm. Stomata of corn 
and sorghum were fully closed at CO2 levels of 2000 and 3000 ppm, respectively, but stomata of 
cotton, soybean and tomato did not close completely at CO2 concentrations as high as 4000 
ppm. This indicates that stomatal closure due to a rise in CO2 is species-dependent. Since CO2 is 
the largest gaseous compound in smoke, it can play an important role in stomatal closure 
thereby preventing other toxic compounds from entering the leaf. Although CO2 might not be 
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the direct cause of a decrease in photosynthetic activity it is a good indicator for detecting the 
impact of smoke leaf gas exchange. 
Studies about pollution in smoke from bushfires and prescribed burns on plant physiology 
are lacking, but many studies concerning pollution from other sources on plant physiology have 
been done. For example, several studies have shown that ash deposition from coal combustion 
can cause water pollution, degrade agricultural land, and impact ecosystems and human health 
considerably (Carlson and Adriano 1993; Tsadilas et al. 2006; Haynes 2009; Goswami 2013). In 
relation to this study, the studies of Nighat et al. (2000) and Naidoo and Chirkoot (2004) found a 
decrease in photosynthesis in plants affected by coal dust. In contrast, the study by Bell et al. 
(2011) investigating the impact of vehicle exhaust emissions on plants found that the pollutants 
could either inhibit or stimulate leaf gas exchange processes. From these and other air pollution 
studies it is still not clear if concentration of the pollutant has a greater impact than exposure 
time. 
5.5 Conclusion 
This study shows that both exposure time and smoke concentration had a negative impact 
on the leaf gas exchange of Strawberry and Sunflower. However, the effect caused by increased 
smoke concentration outweighed the effect of increased exposure time. As already established 
in Chapter 2, the impact of smoke is species-dependent. In this case, Strawberry was better able 
to cope after exposure to smoke than Sunflower and gas exchange of Strawberry plants were 
similar to those of control plants after 24 h. This was not the case for Sunflower with plants 
exposed to high concentrations of smoke and long exposure times failing to recover after 24 h. 
A clear difference was found between Sunflower plants treated in the morning compared to 
those treated in the afternoon for short exposure times to low smoke concentrations. In this 
study, the CO2 mixing ratio in smoke was used as an indicator of smoke concentration. Since CO2 
is relatively easy to measure compared to the many other compounds in smoke and is involved 
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in photosynthetic chemistry, it is a very good candidate for an indicator of the effect of other 
pollutants in smoke.  
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Chapter 6 Estimating parameters of a biochemical C3 photosynthesis model for 
two agricultural species affected by smoke  
6.1 Introduction 
From a global point of view photosynthesis is the most important physical-chemical process 
that allows plants, algae and photosynthetic bacteria to convert sunlight energy into chemical 
energy. The process of photosynthesis is very complex, involving many steps and although 
considerable knowledge has been gathered over the years, the processes involved are still not 
well understood, particularly the relationship between photosynthesis and the environment. In 
1980, Farquhar, von Caemmerer and Berry (1980) introduced a model that defined C3 
photosynthesis at the leaf level (the FvCB model); it is, with extensions and modifications, still 
the main model used today. The model is based on net photosynthesis (An), which is the net CO2 
assimilation minus photorespiration and any other respiratory processes. In more detail, the 
model calculates net photosynthesis as a minimum of the Rubisco-limited rate (Ac) and ribulose 
1,5-biphosphate (RuBP) regeneration-limited photosynthesis. The Rubisco-limited rate is caused 
during low CO2 supply to the photosynthetic apparatus and RuBP regeneration-limited 
photosynthesis is caused by light limitation, also called the electron (e-) transport-limited rate 
(Aj). The model has been extended with the triose phosphate utilisation (TPU)-limited rate (Ap) 
(Sharkey 1985). This TPU limitation happens when the capacity of the chloroplast reaction is 
higher than the capacity of the leaf to use the products from the chloroplasts. Taking these 
three limitations into account, CO2 assimilation could then be calculated as the minimum of the 
three limited rates of photosynthesis leading to the following model: 
                  (6.1) 
This model allows researchers to determine the physical-chemical capabilities that 
determine photosynthesis and to investigate how internal and environmental factors affect 
photosynthetic processes.  
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Since the creation of the FvCB model, its use has been extensive in several fields. For 
example, it has been integrated into models that estimate photosynthesis for larger scales than 
leaf-level, such as photosynthesis at the canopy-level (Wang and Jarvis 1990; Amthor 1994; 
Leuning et al. 1995; De Pury and Farquhar 1997; Desai 2014), at a regional scale (Running et al. 
1989; Medvigy and Moorcroft 2012) and on a global scale (Cramer et al. 2001; Sitch et al. 2003; 
Medvigy et al. 2009). The model has also been used in fire studies, where the change in carbon 
balance is estimated after fire has impacted the vegetation (Bond-Lamberty et al. 2007). As a 
final example, the model is used extensively for analysing the performance of plants that are 
under environmental stress. This can be stress caused by drought (Flexas et al. 2004; Gu et al. 
2012), insects (Schröder et al. 2005) or, as in this study, smoke from bushfires and prescribed 
burns (Davies and Unam 1999; Gilbert and Ripley 2002; Calder et al. 2010; Cowan 2010; Bell et 
al. 2013). When plants experience stress caused by environmental factors there is often an 
immediate impact on photosynthetic processes. For example, one of the primary physiological 
responses to drought stress is inhibition of photosynthesis (Chaves 1991; Cornic 1994; Lawlor 
1995). As already shown in Chapters 2, 3, and 5, smoke also inhibits photosynthesis but it is not 
yet clear if the mechanisms of inhibition are due to physical or chemical reactions or both.  
Great insight into the regulation of photosynthesis in response to environmental variables 
can be achieved by linking gas exchange (GE) measurements for CO2 assimilation with 
chlorophyll fluorescence (CF) measurements for Photosystem II (PSII) electron transport (Von 
Caemmerer 2000). It has long been acknowledged that changes in CF can be linked to changes 
in photosynthetic activity (McAlister and Myers 1940). Hence, combining simultaneously 
collected GE and CF data allows for detailed analysis of the effect of stress disturbances on the 
functioning of the photosynthetic apparatus of plants. Studies using combined GE and CF 
measurements have been widely used as a non-invasive tool for estimating mesophyll 
conductance (Di Marco et al. 1990; Harley et al. 1992; Laisk and Loreto 1996), Sc/o specificity 
factor of Rubisco (Peterson 1989) or to estimate the complete set of parameters of the FvCB 
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model (Yin et al. 2009). A more detailed explanation of mesophyll conductance can be found in 
Chapter 1.  
More and more evidence is amassing that global climate change is strongly linked with an 
increase in extreme weather conditions, leading to natural disasters such as bushfires and 
floods that can cause serious damage to native and agricultural plant species. Hughes and 
Steffen (2013) report that there is already enough proof available that the risk of bushfires in 
Australia is increasing due to climate change. Further photosynthesis research is required to 
manage the anticipated increase in food intake following global population growth combined 
with the potential effects of global climate change (Bernacchi et al. 2013). Special attention 
needs to be given to the impact that global climate change will have on agro-ecosystem 
functioning and therefore assessments on crop photosynthetic competence are of high 
importance (Yin and Struik 2009a). There is relatively little known about how smoke from 
prescribed burns impacts on primary and secondary metabolism in plants (Calder et al. 2010), 
particularly agriculturally and economically important species. 
Smoke had a direct negative impact on the leaf gas exchange for a range of Australian native 
and agricultural plant species (see Chapter 2) and this impact differs with smoke produced 
during combustion of different fuel types (see Chapter 3). In Chapter 5, different exposure times 
and concentrations of smoke impacted leaf gas exchange, but the extent of the impact 
depended on the species. Leaf anatomy also appears to play an important role in the extent 
that smoke affects leaf physiology (see Chapter 4), but more research is needed to determine 
what causes the decrease in photosynthesis after plants are exposed to smoke. There are 
several potential explanations for how smoke can affect photosynthetic rates of plants. The first 
explanation is that particulate matter (PM) in smoke can block the stomata and thus prevent 
gas exchange. Similar studies have predicted blocking of stomata (Farmer 1993), but it remains 
to be determined if this actually happens. Secondly, very fine PM, such as PM2.5 and smaller may 
enter the leaf through the stomata and cause internal physical blockages. Alternatively, toxic 
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compounds could enter the stomata or through the leaf surfaces as solutes and cause damage 
inside the leaf by chemical modifications of the photosynthetic apparatus.  
The aim of this chapter was to assess if smoke affects the photosynthetic rate of plants 
through physical means or chemical reactions. This will be achieved by calculating parameters of 
a biochemical C3 photosynthesis model for two agricultural species, Strawberry var. Redland Joy 
(hereafter referred to as Strawberry) and Sunflower var. Dwarf Sunsation (hereafter referred to 
as Sunflower), after exposure to smoke of different concentrations and for different times. The 
C3 photosynthetic parameters will be calculated using the extended model of Yin et al. (2004) 
and Yin et al. (2006). This extended model takes into account that Cyclic Electron Transport 
(CET) will reduce the observed ΦCO2(LL) under limited light. This is the first time that the full set of 
parameters from the FvCB model has been estimated for plants exposed to smoke. Since 
exposure to smoke can be considered to be a sudden extreme stress situation for leaf 
physiology, the model can be tested under extreme situations. Smoke is complex and consists of 
many different compounds, including PM and potentially toxic compounds, thus it is expected 
that the decrease in photosynthesis will be caused by both physical and chemical reactions. 
6.2 The FvCB model 
6.2.1 Accounting for alternative electron transport 
The FvCB model was used in this study (see Equation 6.1; Yin et al. (2009)). The model steps 
behind this equation are described below and a description of the parameters used can be 
found in Table 6.1. 
In the FvCB model, the Rubisco-limited rate (Ac) is one of the main limitations and is based 
on standard Michaelis-Menten kinetics. To calculate Ac from the FvCB model, Equation 6.2 is 
used: 
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    (6.2) 
where    is calculated by:   = 0.5 O/Sc/o. 
The next limitation is the electron transport-limited rate (Aj). It can be calculated in two 
ways, either by assuming there is a 100% linear e- transport (LET) or by assuming that there is 
also some pseudocyclic e- transport (PET). For both models, cyclic e- transport around PSI is not 
included. The LET method assumes that RuBP regeneration is limited because of insufficient 
NADPH (Equation 6.3a), and the PET method assumes that RuBP regeneration is limited because 
of insufficient ATP. Although PET normally refers to the Mehler reaction of O2 reduction, in this 
equation, other alternative non-cyclic e- transport pathways are included for the reason that all 
of them contribute to the production of ATP leading to the required ATP/NADPH ratio for 
carboxylation and respiration. 
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The FvCB model does not take into account cyclic e- transport and to account for this, Yin et 
al. (2004) and Yin et al. (2006) extended the model for a generalised stoichiometry by using the 
following four equations: 
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A third limitation, as mentioned earlier, was added later by Sharkey (1985) and included 
TPU: 
           (6.5) 
 
Laisk and Loreto (1996) and Laisk et al. (2002; 2006) established the L method for estimating 
a range of photosynthetic parameters of which several correspond to the FvCB model. The L 
method contains seven steps: (1) the Sc/o factor is calculated from the response of the CO2 
compensation point (Γ) to O2 levels, (2) Rd is then calculated from (Γ), Sc/o and Ci-based initial 
carboxylation efficiency, (3) using Equation 6.3a, the e- transport rate based on CO2 uptake (Jc) 
can now be calculated using Rd and Sc/o, (4) the proportion of Iabs partitioned to PSII (ρ2) is 
estimated by ΔF/F’m and the Jc to Iabs ratio at limiting light ratio, (5) ρ2 is used to transform 
ΔF/F’m into the e
- transport rate calculated from the CF measurement (Jf), (6) the difference 
between Jf and Jc is considered to be the alternative e- transport, and (7) to be able to calculate 
Jc, gm is needed that is calculated from data points where either a zero (Laisk et al. 2002) or a 
constant (Laisk et al. 2006) alternative e- flux is assumed.  
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Table 6.1 Definitions of the model variables used and their units (adapted from Yin et al. 2009). 
Variable Definition  Unit 
An Net photosynthetic rate µmol CO2 m
-2 s-1 
Ac Rubisco activity-limited net photosynthesis rate µmol CO2 m
-2 s-1 
AH Net photosynthetic rate under a high O2 condition µmol CO2 m
-2 s-1 
Aj Electron transport-limited net photosynthesis rate µmol CO2 m
-2 s-1 
AL Net photosynthetic rate under a low O2 condition µmol CO2 m
-2 s-1 
Ap Triose phosphate utilisation-limited net photosynthesis rate µmol CO2 m
-2 s-1 
bH Slope of the initial linear part of A/Ci curve under high O2 conditions mol m
-2 s-1 bar-1 
bL Slope of the initial linear part of A/Ci curve under low O2 conditions mol m
-2 s-1 bar-1 
Ca Ambient air CO2 partial pressure or concentration µbar or µmol mol
-1 
Cc Chloroplast CO2 partial pressure µbar 
Ci Intercellular CO2 partial pressure µbar 
CiH Intercellular CO2 partial pressure under high O2 conditions µbar 
CiL Intercellular CO2 partial pressure under low O2 conditions µbar 
fcyc Fraction of electrons at PSI that follow cyclic transport around PSI - 
fpseudo Fraction of electrons at PSI that follow pseudocyclic transport - 
fpseudo(b) Fraction of electrons at PSI that follow basal pseudocyclic e
- flow - 
fQ Fraction of electrons at reduced plastoquinone that follow the Q cycle - 
gm Mesophyll diffusion conductance mol m
-2 s-1 bar-1 
gmo Residual mesophyll diffusion conductance (Equation 6.11 variable b) mol m
-2 s-1 bar-1 
h Number of protons required to produce one ATP mol mol-1 
Iabs Photon flux density absorbed by leaf photosynthetic pigments µmol photon m
-2 s-1 
Iinc Photon flux density incident to leaves µmol photon m
-2 s-1 
J Linear e- transport rate through PSII µmol e- m
-2 s-1 
J’ Linear plus additional pseudocyclic e- transport rate through PSII µmol e- m
-2 s-1 
J2 Rate of all (i.e. linear, basal and additional pseudocyclic) linear e- transport through PSII µmol e
-
 m
-2 s-1 
Jc Rate of e
- transport calculated from CO2 uptake data µmol e
- m-2 s-1 
Jf Rate of e
- transport calculated from chlorophyll fluorescence data µmol e- m-2 s-1 
Jmax Maximum value of J under saturated light µmol e
- m-2 s-1 
J2max Maximum of J2 under saturated light µmol e
- m-2 s-1 
KmC Michaelis-Menten constant of Rubisco for CO2 µbar 
KmO Michaelis-Menten constant of Rubisco for O2 mbar 
O Oxygen partial pressure mbar 
OH High oxygen partial pressure mbar 
OL Low oxygen partial pressure mbar 
Rd Day respiration µmol CO2 m
-2 s-1 
Rdk Respiratory CO2 release in the dark µmol CO2 m
-2 s-1 
s A lumped parameter, =ρ2β[1-fpseudo(b) /(1-fcyc)], see Equation 7b - 
Sc/o Relative Co2/O2 specificity factor for Rubisco mbar µbar
-1 
Tp Rate of triose phosphate export from the chloroplast  µmol m
-2 s-1 
Vcmax Maximum rate of Rubisco activity-limited carboxylation µmol m
-2 s-1 
α2(LL) Quantum efficiency of PSII e- transport under strictly limiting light, on the combined PSI- and PSII-
absorbed light (i.e. Iabs) basis 
mol e- (mol photon)-1 
β Absorbance by leaf photosynthetic pigments - 
δ A parameter in the gm model, defining Cc:Ci ratio at saturating light - 
κ2 Conversion efficiency of incident light into J mol e
- (mol photon)-1 
κ2(LL) Value of κ2 at strictly limiting light mol e
- (mol photon)-1 
θ Convexity factor for response of J to Iinc (see Equation 6.9) - 
θ2 Convexity factor for response of J2 to Iabs (see Equation 6.4b) - 
ρ2 Proportion of Iabs partitioned to PSII - 
Φ1(LL) Quantum efficiency of PSI e
- flow at the strictly limiting light level, on the PSI-absorbed light basis mol e- (mol photon)-1 
Φ2 Quantum efficiency of PSII e- flow on PSII-absorbed light basis, usually assessed from the 
chlorophyll fluorescence measurements 
mol e- (mol photon)-1 
Φ2(LL) Value of Φ2 at strictly limiting light mol e
- (mol photon)-1 
Γ Cc- or Ci-based CO2 compensation point in the presence of Rd µbar 
Γ* Cc-based CO2 compensation point in the absence of Rd µbar 
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6.3 Model steps 
6.3.1 Estimating quantum efficiency of PSII e- transport under limiting light (Ф2(LL)) 
From CF measurements of Ф2, J2 can be expressed as J2=Ф2ρ2Iabs . Merging this equation into 
Equation 6.4b and solving for Ф2 will give: 
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(6.6) 
 
Where α2(LL) is given by Equation 6.4c, and  ρ2 = α2(LL) /Ф2 (Yin et al. 2006), assuming that ρ2 
does not vary with light level and therefore fcyc and Ф1(LL) should be known a priori. Arbitrary 
values within a physiologically reasonable range were used for fcyc and Ф1(LL) since estimates of 
θ2 and Ф2(LL) are not affected by fcyc and Ф1(LL). To get a good estimate of Ф2(LL), a fixed θ, the 
convexity factor, needed to be calculated from the pre-smoke data set. This was done by adding 
dummy variables (Z1, Z2, Z3) to represent each control of the pre-smoke data (36 dummies for 
Strawberry and 34 dummies for Sunflower). To account for the dummies in the SAS script, in 
addition to adding the dummies into the input data they also needed to be added to the 
parameters and as an equation. A shortened SAS script, including the dummy variables can be 
found in Appendix 1, Model step 1. The data needed for this step came from the paired incident 
irradiance Iinc (IINC) and the PSII e
- transport efficiency Ф2 (PHI2). 
6.3.2 Estimating day respiration (Rd) 
To measure day respiration (Rd), combined data on CF and GE from the linear part of the A-
Iinc curve was used. The Kok-model was also used to calculate Rd to compare the outcome with 
the Yin-model. To calculate Rd, the first part of the Iinc curve was used and a linear regression 
was performed on the observed A versus [IincΦ2/4], where Φ2 was obtained from the outcome 
of the previous step. The intercept of the linear regression gives the estimate of Rd and the 
slope gives the estimate of the lumped parameter s, see Equations 6.7a, b and c (Yin et al. 2009; 
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Yin et al. 2011). As suggested by Yin et al. (2009), only the electron transport-limited sections of 
both the A/Ci and the light-response curves were used instead of the whole curve. This is a 
common practice for avoiding photorespiration at low O2 levels for the A/Ci curve and for 
reducing the possible increase in electron transport for both curves due to excess energy. The 
Kok-method also makes use of the Iinc curve, but simple linear regression on the observed A 
versus Iinc was used to compare the results of Rd. Since estimated values for Rd did not differ 
between the 2 and 21% O2 data, Rd values for the combined GE and CF method were estimated 
using a common intercept with two slopes for pre-smoke and post-smoke data as reported by 
Yin et al. (2009).  
6.3.3 Estimating a lumped calibration factor (s) 
Equation 6.7a represents the relation for calculating e- transport-limited A and is derived 
from Equation 6.4a: 
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where           is a replacement for J2. For non-photorespiratory (NPR) conditions, Equation 
6.7b is used that can be substituted to Equation 6.7c: 
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                   (6.7c) 
 
where s is a lumped parameter that in NPR conditions depends on (1) β, which is the 
absorbance by leaf photosynthetic pigments, (2) ρ2, which is the proportion of Iabs partitioned to 
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PSII, and (3) the effect of alternative pathways in the form of [  
          
(      )
]. Equation 6.7c can 
be used to estimate Rd in photorespiration (PR) conditions, since the slope of the regression will 
give the lumped parameter s and the intercept is an estimate for Rd (Yin et al. 2009). For PR 
conditions, a fourth function applies: (4) [
    
     
], which is the effect of photorespiration. 
To calculate the lumped parameter s, data for NPR conditions was required. For this study, 
NPR data was available for the control plants, but not for plants that underwent smoke 
treatment. Under many environmental conditions, s would not change after a treatment, for 
example water stress, therefore allowing the same s calculated with the NPR conditions to be 
used for PR conditions. If this assumption applies, the slope of Equation 6.7c should be the same 
for pre-smoke as for post-smoke. This was not the case for any treatment for both Strawberry 
and Sunflower indicating that s changed after exposing plants to smoke. As described earlier, s 
depends on four factors in PR conditions. Assuming that ρ2 and the effect of alternative 
pathways do not change, s must either change due to a change in β or in [
    
     
]. Considering 
that plants were exposed to smoke and that particulate matter would have settled on the 
leaves it is more likely that β would be affected than ρ2 that is typically around 0.5 (Yin et al. 
2009).  A change in [
    
     
] will be caused by Ci, therefore by plotting the Ci of the pre- and post-
smoke treatments of the light response curve and calculating linear regressions, it can be 
checked if the change was due to a change in photorespiration. For Strawberry this fit was good 
with r2 for low concentration smoke treatments ranging between 0.70 and 0.82 and r2 for the 
high smoke treatment ranging from 0.48 to 0.68. For Sunflower, only the 5 min low 
concentration exposure showed a good correlation between Ci pre- and Ci post-smoke exposure 
(r2 = 0.87). For all other treatments, there was no correlation with post Ci showing no change at 
all and having stable measurement that were similar to ambient CO2. This indicates that there 
was no regulation of gas exchange by stomata and thus no change in the effect of 
photorespiration conditions. It can be assumed that β was the cause of the change. This means 
that the change in slope is the change in β and therefore s in PR conditions can be calculated as: 
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6.3.4 Calculating e- transport parameters,       , Jmax and θ  
Following the method of (Yin et al. 2009), J under NPR conditions can be calculated as: 
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)          (6.8a) 
    
where J is the sum of LET and PETa fluxes of PSII and J2 is the total e
- flux containing LET, PETb 
and PETa. The pseudocyclic e
- transport PETa, brings electrons from ferrodoxin to O2, which is 
also known as the Mehler-type O2 reduction. The pseudocyclic e
- transport PETb is the e- 
transport that supports basic metabolic demands including nitrate reduction and is referred to 
as basal PET (Yin et al. 2009). The efficiency of converting incident light into J can be calculated 
with  2: 
 
    
 
    
     (6.8b) 
 
Under strictly limiting light conditions, the value for  2 can be given by: 
                  (6.8c) 
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(6.9) 
As with Φ2(LL), a fixed θ was used to calculate Jmax to eliminate background noise. The fixed 
theta was calculated using pre-smoke data. The difficulties with calculating θ were most likely 
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caused by very low J2max values for post-smoke measurements. Also due to the increase in noise 
of A, it was hard to estimate all three variables (Φ2(LL), J2max and θ). A fixed θ was used since Φ2(LL) 
and J2max both have a biological meaning and θ merely has a statistical meaning. Therefore, 
choosing theta to be fixed was the better option and by fixing theta, good estimates for Φ2(LL) 
and J2max were obtained. 
6.3.4 Estimating Sc/o 
Carbon dioxide and O2 are competing substrates for Rubisco and in the model this is 
represented by Sc/o, the relative CO2/O2 specificity factor for Rubisco. To calculate Sc/o, the 
procedure as described by Yin et al. (2009) was followed using the following equation: 
 
                  [
          
    
        ]        (6.10) 
In this equation, bH and bL are the slopes of the linear part of the A/Ci curve measured in 
high oxygen partial pressure (Oh) and in low oxygen partial pressure (OL), respectively. These 
two parameters were estimated before calculating Sc/o using the SAS script Step 4 given in 
Appendix 1. As there was no data for low O2 conditions for post-smoke measurements, Sc/o was 
calculated only for pre-smoke data for both Strawberry and Sunflower plants. 
6.3.5 Estimating Vcmax  and  gm 
To estimate the maximum rate of Rubisco activity-limited carboxylation (Vcmax) the generic 
model was used as described by: 
          (   √      )       (6.11) 
where:  
  [              ] 
   {                      [                   ]
  [                   ]} 
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with: 
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Although gm can be calculated using Equation 6.11, due to the noise in the data this was not 
possible. The only parameter estimated using this equation was Vcmax. To be able to estimate 
this, several assumptions needed to be made: (1) Jmax needed to be treated as a fixed factor to 
prevent interference with the outcome of Vcmax, a Jmax of 200 µmol e
- m-2 s-1 was used for both 
plant species, (2) the residual mesophyll conductance in this model (gmo) was set to 0, indicating 
a variable gm, and (3) Tp had to be fixed at different values depending on the smoke treatment. 
When both Strawberry and Sunflower plants were exposed to low concentration smoke, a Tp of 
10 was chosen, but at higher concentration smoke, a Tp between 3 and 6 was chosen since the 
A/Ci curve indicated a lower Tp at higher smoke concentrations and smoke exposure times.  
To be able to estimate gm, the noise in the data had to be reduced. To do this gm was 
calculated as a constant using the non-rectangular hyperbolic (NRH-A) method as described by 
Yin and Struik (2009b). Both, A/Ci and light response curves were used as input, with the high Ci 
data range of the A/Ci curve and the low light-limited range of the light response curves. The 
NRH-A model is derived from Equation 6.3a where Cc is replaced by [Ci-A/gm] and then solving 
for A giving: 
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√[                ]     [                      ]
} (6.12) 
185 
 
 
To calculate gm, several parameters had to be fixed or changed to pre-smoke data. The 
estimated Sc/o for Strawberry and Sunflower plants were underestimated and therefore a more 
common fixed Sc/o of 3.0 mbar µbar-1 was used to estimate gm. The estimated lumped 
parameter s for pre-smoke data was used for the reason that several estimates of the lumped 
parameter s for post-smoke data were close to zero. Numbers close to zero would lead to very 
high gm results that for post-smoke treatments would be higher than for the pre-smoke data. 
This is highly unlikely to happen and cannot be explained biologically. Therefore, to assess the 
effect of gm, the assumption that post-smoke s is equal to pre-smoke s was used.  
6.4 Methods 
6.4.1 Photosynthetic measurements 
For this study the same experimental set-up and treatments were used as described in 
Chapter 5. A full description of the smoke chamber and the smoke treatments can be found in 
Chapter 5.2. In addition to gas exchange measurements done before and at three time points 
after exposure to smoke, fluorescence measurements and light and A/Ci response curves were 
established before and after exposure of plants to smoke. These response curves were done 
using the first fully expanded leaves and a round 2 cm2 Li-Cor gasket. The measurements were 
done using an open Infrared Gas Analyser (IRGA), Li-Cor 6400 Portable Photosynthesis System 
(Li-Cor Inc, Lincoln, NE, USA) with a 6400-40 Leaf Chamber Fluorometer head (Li-Cor Inc, 
Lincoln, NE, USA). For all gas exchange measurements, a fixed leaf temperature of 25 ˚C and a 
VPD between 0.8-2.0 kPa was used. For each treatment, two light and A/Ci response curves 
were made using two plants per day, with exposure of one individual to smoke in the morning 
and one in the afternoon. The measurements before and after exposure to smoke were done on 
the same leaf. The same method as in Yin et al. (2009) was followed for both, light and A/Ci 
response curves. Ten measurements were taken with a stepwise increase in the photon flux 
with 5 min between each step: 0, 20, 50, 100, 150, 200, 500, 1000, 1500 and 2000 µmol m-2 s-1. 
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Ambient CO2 was kept at 400 µmol mol
-1 for the measurements at 21%. The Ca steps for that 
response curve were: 50, 100, 150, 200, 250, 350, 500, 650, 1000 and 1500 µbar. For all steps, 
the Iinc was kept at 1000 µmol m
-2 s-1. 
The rate of dark respiration (Rdk) was measured before the start of each light response 
curve. The photon flux density was set at zero and 10 min waiting time was given to allow the 
leaves to adjust. Maximum quantum yield of PSII e- transport for dark-adapted leaves was 
measured immediately after measurement of Rdk and just before the light response curve. Licor-
6400 settings were: the beam intensity was 9 and the saturated light pulse was > 7000 µmol m-2 
s-1 for 0.8 s with a modulation of 20 kHz. Minimal fluorescence was measured after 
measurement of Rdk and followed by application of a saturated light pulse to measure maximum 
dark adapted fluorescence (Fm). The steady-state fluorescence (Fs) was measured at each step of 
the light and A/Ci response curve when A was at a stable state.  
Corrections for leakage of CO2 into and out of the leaf cuvette was done using heat-killed 
leaves according to the method of Flexas et al. (2007), and for diffusion of CO2 respired by leaf 
tissue under the gasket according to Pons and Welschen (2002). The A/Ci response curves were 
corrected accordingly for leakage of CO2, but not for diffusion of CO2 since respiration rates 
were so small and variable that correction would not make a significant difference. To correct 
for leakage, the four first fully expanded leaves were removed and boiled until the 
photosynthetic apparatus shut down (3 min for Sunflower, 5 min for Strawberry). Dead leaves 
were placed in the cuvette of the fluorescence head and an A/Ci curve was made using the same 
Li-Cor settings described previously. During the development of an A/Ci curve, the ambient CO2 
was measured every minute using a CO2 probe (Carbon Dioxide Probe GMP343, Vaisala 
CARBOCAP®, Helsinki, Finland). The CO2 reference was plotted against photosynthesis and the 
correction coefficient k was determined for Strawberry [k = 0.000965] and Sunflower [k = 
0.001814]. The corrected photosynthesis was then calculated using the ambient CO2 
measurements in the measured in the chamber with the following formula: 
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                                           (6.13) 
To correct for respiration and to determine NPR conditions, four control (untreated) plants 
were used to create light response and CO2 response curves under low O2 concentrations. The 
gas used for low O2 concentrations contained 2% O2 and 98% N2 (BOC Ltd., North Ryde, 
Australia). 
6.4.2 Statistical analysis 
Microsoft Excel was used for analysing simple linear regressions and non-linear fittings were 
analysed with the Gauss method in PROC NLIN (SAS Institute Inc, Cary NC, USA). One-way 
ANOVA was used to compare selected pre- and post-smoke data. The SAS codes can be found in 
Appendix 1. Graphs were made using SigmaPlot for Windows version 11.0. 
6.4 Results 
6.4.1 A/Ci and light response curves 
Pre- and post-smoke response curves of A/Ci for Strawberry exposed to 5 min of low 
concentration smoke and 15 min high concentration smoke are shown in Fig. 6.1. For 5 min 
exposure to low concentration smoke, the pre- and post-smoke curves were similar when done 
in the morning. However, for the same treatment done in the afternoon there was a difference 
between both pre- and post-smoke curves and between curves made in the morning compared 
to the afternoon. Both morning and afternoon treatments of 15 min exposure to high 
concentration smoke caused a reduction in photosynthetic capacity with increasing Ci.  
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Figure 6.1 A/Ci curves for Strawberry after exposure to low concentration smoke for 5 min 
(a, b) and to high concentration smoke for 15 min (c, d) for measurements done either in the 
morning (a, c) or afternoon (b, d). Values represent means ± standard deviation. 
Response curves of A/Ci for Sunflower exposed to 5 min of low concentration smoke and 15 
min exposure to high smoke concentration are shown in Fig. 6.2. Pre- and post-smoke A/Ci 
curves were similar for 5 min exposure during both the morning and the afternoon. However, 
when plants were exposed to high concentration smoke, photosynthetic rates were close to 
zero in the morning and only reached 5.9 µmol m-2 s-1 in the afternoon. Light response curves 
followed a similar pattern for both Strawberry and Sunflower (see Figure 6.3). The only 
exception was for Sunflower exposed to 5 min of low concentration smoke in the morning 
where there was little difference between curves for pre- and post-smoke treatments. 
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Figure 6.2 A/Ci curves for Sunflower after exposure to low concentration smoke for 5 min (a, 
b) and to high concentration smoke for 15 min (c, d) for measurements done either in the 
morning (a, c) or afternoon (b, d). Values represent means ± standard deviation. 
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Figure 6.3 Light response curves for Strawberry (a-d) and Sunflower (e-h). For plants 
exposed for 5 min to low concentration smoke (a, b, e and f) and to 15 min of high 
concentration smoke (c, d, g and h). Plants were treated either in the morning (a, c, e and g) or 
in the afternoon (b, d, f and h). Values represent means ± standard deviation. 
191 
 
6.4.2 Estimated Rd, Sc/o and the lumped parameter s 
The estimated day respiration (Rd) rates calculated using the both the Yin-model and the 
Kok-model are given for the 10 min exposure to high smoke concentration (Fig. 6.4). Better r2 
values for linear regression were obtained for Rd estimations using the combined GE and CF 
method (see Fig. 6.4). When using GE and CF together (Yin-model), the estimated Rd values 
were consistently lower for NPR conditions than when using only GE data (Kok-model) (see 
Tables 6.2 and 6.3). Estimated Rd values were calculated using a combined intercept for data 
from pre- and post-smoke treatments and this common Rd was used for further calculations of 
photosynthetic parameters. A clear difference was found for estimated values of Rd for 
Sunflower between exposure to low and high smoke concentrations with higher values of Rd for 
the high smoke concentration (see Table 6.3). Although there were differences among the 
different exposure times, these differences did not follow the trend of increasing exposure time 
leading to an increase in Rd. Generally, for Strawberry, no differences were found among 
exposure time and smoke concentration for estimates for Rd. For the estimates of Rd from the 
Kok-model, smoke with high concentration applied in the morning had an impact on Rd at 5, 10 
and 15 min exposure to smoke with an average increase in Rd of about 0.985 µmol m
-2 s-1. 
Values for dark respiration Rdk were for all post smoke measurements higher than Rd. 
Single values for Sc/o were obtained from pre-smoke data combined from both the morning 
and afternoon periods of measurement. For Strawberry, the Sc/o value was 2.504 ± 0.081 mbar 
µbar-1 and for Sunflower it was 2.322 ± 0.0876 mbar µbar-1. Since both values were quite low, 
especially for Sunflower, a Sc/o of 3.0 mbar µbar
-1 was chosen as a fixed value for further 
calculation of photosynthetic parameters.  
Estimates of the lumped parameter s for NPR conditions are shown in Fig. 6.5. For post-
smoke data, s was calculated using Equation 6.7d due to missing data for post-smoke 
measurements done under low O2. For Strawberry, smoke had no significant impact on s for 5 
min exposure at low concentration in the morning (One-way ANOVA, F = 3.943; P = 0.0581), but 
for all the other treatments there were significant  
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Figure 6.4 Estimations of day respiration (Rd) for Strawberry for 10 min of exposure 
to high concentration smoke. Day respiration was calculated using the Yin-model (a) 
and the Kok-model (b), and for both models, Rd is the intercept of the linear regression 
line with the y-axis. Open circles represent pre-smoke data and filled circles represent 
post-smoke data 
Figure 6.5 Estimation of the lumped parameter s for non-photorespiratory conditions (n = 
6) for Strawberry (a) and Sunflower (b). The slope of the linear regression represents the 
lumped parameter s. Open symbols represent low light levels of the A-Iinc curve and high 
levels of the A/Ci curve. Closed black symbols represent data from high light level of the A-Iinc 
curve and the triangle represents respiration in the dark (Rdk) 
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differences found among s for pre- and post-smoke treatments (One-way ANOVA; F ranged 
from 32.11 to 139.56; all P <0.001). No significant differences were found for Sunflower exposed 
to 5 min (One-way ANOVA; F = 0.200; P = 0.658) and 10 min of low concentration smoke in the 
afternoon (One-way ANOVA; F = 3.369; P = 0.078). All the other smoke treatments had a 
significant effect on s for Sunflower (One-way ANOVA; F ranged from 7.398 to 193.11; P ranged 
from <0.001 to 0.0034). 
 
6.4.4 Estimated photosynthetic parameters 
Photosynthetic parameters for the morning and afternoon measurements were estimated 
for all smoke treatments for Strawberry (Table 6.2) and Sunflower (Table 6.3). Using Equation 
6.6 and replacing Φ2 with ΔF/F´m allowed for the estimation of Φ2(LL). The estimated Φ2(LL) for 
data from post-smoke treatments for both Strawberry and Sunflower had large variation and to 
account for this θ needed to be fixed using data from pre-smoke treatments for calculating 
Φ2(LL). This was done by estimating a fixed theta from the pre-smoke data by using dummy 
variables (see SAS script in Appendix 1). According to Yin et al. (2009), estimated Φ2(LL) values do 
not vary with fcyc, Φ1(LL) and β and therefore arbitrary values for fcyc (0.0), Φ1(LL) (1.0) and β (0.85) 
were used. The estimates of Φ2(LL) were slightly lower than Fv/Fm for pre-smoke data, for post-
smoke data these differences were quite substantial for both species (see Tables 6.2. and 6.3). 
This further supports the suggestion of Yin et al. (2009) that Fv/Fm and Φ2(LL) are different or that 
the non-rectangular hyperbola of e- transport model does not describe the Φ2 to low light well 
enough. Larger variations were found between Fv/Fm and Φ2(LL) for data from post-smoke 
treatments for Sunflower than for Strawberry, however, an increase in the impact of Φ2(LL) with 
increasing exposure times was not clear. Exposure to low concentration smoke only affected 
Φ2(LL) of Strawberry minimally, with an average decrease for the three exposure times of 0.054 
mol e- (mol photon)-1. During exposure to high concentration smoke, this decrease was 
substantially larger (0.1809 mol e- (mol photon)-1). One of the main findings from Chapter 5 for 
Sunflower was that there is a difference in response to smoke between plants tested in the 
morning compared those tested in the afternoon. This difference was also noticeable Φ2(LL), 
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especially for plants exposed to low concentration smoke. An average decrease of 0.336 mol e- 
(mol photon)-1 for Φ2(LL) for the three exposure times was found for plants exposed to low 
concentration smoke in the morning but for plants exposed to smoke in the afternoon the 
decrease was smaller (0.174 mol e- (mol photon)-1). This pattern was still evident when plants 
were exposed to high concentration smoke, but was not as clear (average decrease in the 
morning was 0.362 mol e- (mol photon)-1 and 0.312 mol e- (mol photon)-1 in the afternoon. 
6.4.5 Estimating  2(LL), Jmax and θ 
The conversion efficiency of incident irradiance into linear e- transport ( 2(LL)) was calculated 
using Equation 6.8b. For both Strawberry and Sunflower, smoke had a negative impact on  2(LL). 
For Strawberry plants (Table 6.2), the impact of smoke on  2(LL) was similar for most of the 
smoke treatments, with the exceptions of 5 min exposure to low concentration smoke and 10 
min exposure to high concentration smoke but only for measurements done in the morning. 
Sunflower showed a clear difference between exposure to smoke in the morning compared to 
the afternoon with  2(LL) having lower values in the morning than in the afternoon (Table 6.3). 
Sunflower plants exposed to smoke in the afternoon were impacted more by smoke with 
increasing exposure time. This pattern was also evident for Sunflower plants exposed to high 
concentration smoke in the morning, but not for low concentration smoke.  
The maximum e- transport under saturated light (Jmax), calculated concurrently with θ using 
Equation 6.9 for both Strawberry and Sunflower plants can be found in Tables 6.2 and 6.3, 
respectively. Exposure to any smoke treatment had an immediate impact on Jmax for Strawberry 
plants. This impact was relatively low for 5 min exposure to low concentration smoke in the 
morning. This can be partially attributed to the concentration of smoke used for these three 
replicates being much lower compared to other low smoke concentrations (see Chapter 5). For 
the other smoke treatments for Strawberry, Jmax fluctuated between 36.2 and 76.5 µmol e
- m-2 s-
1, independent of exposure time or smoke concentration. The estimated Jmax for Sunflower also 
showed a difference for plants exposed to smoke in the morning compared to the afternoon.   
195 
 
Table 6.2 Estimated photosynthetic parameters (mean ± standard error; n = 3) of pre- and post-smoke treatments for Strawberry. 
Plants were exposed to 5, 10 and 15 min of smoke at low and high concentrations. Definitions and units of the parameters can be 
found in Table 6.1. 
Parameter 
Time of 
day 
Pre- or 
Post- 
smoke 
 Low smoke concentration High smoke concentration 
2% O2 5 min 10 min 15 min 5 min  10 min 15 min 
Fv/Fm Morning Pre 0.792 ± 0.003 0.812 ± 0.004 0.816 ± 0.002 0.810 ± 0.006 0.816 ± 0.003 0.820 ± 0.002 0.817 ± 0.004 
  Post  0.792 ± 0.014 0.694 ± 0.084 0.743 ± 0.030 0.702 ± 0.059 0.507 ± 0.081 0.674 ± 0.047 
 Afternoon Pre 0.770 ± 0.011 0.782 ± 0.004 0.797 ± 0.007 0.799 ± 0.008 0.816 ± 0.007 0.802 ± 0.012 0.795 ± 0.012 
  Post  0.745 ± 0.025 0.765 ± 0.025 0.793 ± 0.007 0.732 ± 0.043 0.616 ± 0.064 0.628 ± 0.041 
Φ2(LL) Morning Pre 0.795 ± 0.020 0.777 ± 0.006 0.774 ± 0.008 0.782 ± 0.001 0.776 ± 0.008 0.789 ± 0.002 0.781 ± 0.007 
  Post  0.743 ± 0.014 0.652 ± 0.071 0.705 ± 0.043 0.624 ± 0.058 0.473 ± 0.051 0.591 ± 0.049 
 Afternoon Pre 0.803 ± 0.026 0.761 ± 0.005 0.751 ± 0.002 0.775 ± 0.005 0.775 ± 0.004 0.769 ± 0.007 0.757 ± 0.000 
  Post  0.722 ± 0.021 0.712 ± 0.024 0.762 ± 0.005 0.707 ± 0.021 0.563 ± 0.092 0.603 ± 0.051 
Rd-CF Morning Pre 1.283       
  Post  0.657 ± 0.303 0.749 ± 0.308 1.219 ± 0.266 1.023 ± 0.239 0.639 ± 0.205 0.547 ± 0.368 
 Afternoon Pre 1.265       
  Post  0.588 ± 0.360 1.216 ± 0.222 1.063 ± 0.314 0.134 ± 0.337 0.536 ± 0.227 0.778 ± 0.313 
Rd-Kok Morning Pre 0.661 0.496 0.066 0.499 0.315 0.102 0.239 
  Post  0.229 0.808 1.025 0.757 0.822 0.713 
 Afternoon Pre 0.171 0.496 1.170 0.777 0.575 0.165 0.607 
  Post  0.224 0.770 0.614 0.132 0.271 0.675 
Rdk Morning Pre 1.771 2.511 2.623 2.478 1.495 1.055 1.373 
  Post  1.998 2.780 2.395 2.279 2.365 2.233 
 Afternoon Pre 1.658 2.158 2.432 2.585 2.580 1.810 1.844 
  Post  2.139 2.200 2.516 1.725 1.917 1.565 
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Table 6.2 continued  
Parameter 
Time of 
day 
Pre- or Post- 
smoke 
 Low smoke concentration High smoke concentration 
2% O2 5 min 10 min 15 min 5 min  10 min 15 min 
s Morning Pre 0.507 ± 0.008       
  Post  0.245 ± 0.023 0.175 ± 0.024 0.181 ± 0.017 0.189 ± 0.019 0.158 ± 0.020 0.195 ± 0.028 
 Afternoon Pre 0.507 ± 0.008       
  Post  0.125 ± 0.024 0.148 ± 0.016 0.196 ± 0.018 0.150 ± 0.023 0.198 ± 0.021 0.273 ± 0.023 
Ƙ2(LL) Morning Pre 0.339 ± 0.010 0.394 ± 0.003 0.393 ± 0.004 0.397 ± 0.001  0.394 ± 0.004 0.400 ± 0.001 0.396 ± 0.003 
  Post  0.326 ± 0.006 0.196 ± 0.021 0.223 ± 0.014 0.168 ± 0.016 0.103 ± 0.011 0.176 ± 0.015 
 Afternoon Pre 0.408 ± 0.013 0.386 ± 0.003 0.381 ± 0.001 0.393 ± 0.003 0.393 ± 0.002 0.390 ± 0.003 0.384 ± 0.000 
  Post  0.179 ± 0.005 0.190 ± 0.006 0.262 ± 0.002 0.181 ± 0.005 0.185 ± 0.030 0.212 ± 0.018 
JMAX Morning Pre 81.0 ± 14.2 130.9 ± 10.7 137.0 ± 6.0 136.1 ± 9.9 137.9 ± 1.7 125.3 ± 5.7 123.8 ± 3.2 
  Post  101.7 ± 12.9 56.6 ± 11.5 67.6 ± 8.2 49.3 ± 12.2 36.2 ± 10.6 50.6 ± 6.0 
 Afternoon Pre 74.4 ± 14.1 113.0 ± 6.2 140.3 ± 3.8 147.0 ± 8.8 137.6 ± 7.1 103.1 ± 11.5 132.4 ± 7.9 
  Post  40.8 ± 1.9 47.7 ± 2.6 76.5 ± 7.3 52.5 ± 6.7 38.9 ± 11.5 60.5 ± 4.2 
Vcmax Morning Pre 77.7 ± 4.0*       
  Post  68.3 ± 13.0 68.3 ± 18.9 79.8 ± 34.1 69.9 ± 16.0 90.7 ± 19.5 92.8 ± 18.5 
 Afternoon Pre 79.1 ± 5.9*       
  Post  118.0 ± 24.1 120.3 ± 17.8 130.2 ± 8.6 73.37 ± 8.8 71.3 ± 35.9 39.6 ± 5.6 
θ Φ2(LL) Pre 0.748*       
 JMAX Pre 0.806*       
bH  Pre 0.083       
bL  Pre 0.148       
*Estimated from pre-smoke data at 21% O2  
197 
 
Table 6.3 Estimated photosynthetic parameters (mean ± standard error; n = 3) of pre- and post-smoke treatments for Sunflower. 
Plants were exposed to 5, 10 and 15 min of smoke at low and high concentrations. Definitions and units of the parameters can be 
found in Table 6.1. 
Parameter 
Time of 
day 
Pre- or 
Post- 
smoke 
Low smoke concentration High smoke concentration 
2% O2 5 min 10 min 15 min 5 min  10 min 15 min 
Fv/Fm Morning Pre 0.821 ± 0.010 0.791 ± 0.027 0.832 ± 0.007 0.839 ± 0.001 0.841 ± 0.002 0.839 ± 0.002 0.843 ± 0.000 
  Post  0.583 ± 0.079 0.581 ± 0.049 0.569 ± 0.029 0.567 ± 0.011 0.490 ± 0.031 0.533 ± 0.004 
 Afternoon Pre 0.801 ± 0.014 0.798 ± 0.029 0.823 ± 0.002 0.805 ± 0.018 0.823 ± 0.006 0.826 ± 0.010 0.823 ± 0.006 
  Post  0.645 ± 0.087 0.735 ± 0.058 0.656 ± 0.040 0.614 ± 0.040 0.609 ± 0.027 0.639 ± 0.018 
Φ2(LL) Morning Pre 0.759 ± 0.011 0.740 ± 0.026 0.734 ± 0.002 0.734 ± 0.002 0.754 ± 0.006 0.739 ± 0.005 0.746 ± 0.009 
  Post  0.443 ± 0.045 0.340 ± 0.019 0.415 ± 0.019 0.427 ± 0.017 0.380 ± 0.016 0.328 ± 0.000 
 Afternoon Pre 0.759 ± 0.010 0.745 ± 0.003 0.742 ± 0.010 0.737 ± 0.022 0.757 ± 0.003 0.752 ± 0.006 0.745 ± 0.005 
  Post  0.585 ± 0.058 0.656 ± 0.043 0.464 ± 0.083 0.461 ± 0.026 0.419 ± 0.006 0.446 ± 0.039 
Rd-CF Morning Pre 1.165       
  Post  0.563 ± 0.332 0.988 ± 0.323 1.411 ± 0.341 1.709 ± 0.291 1.489 ± 0.284 1.290 ± 0.309 
 Afternoon Pre 1.392       
  Post  0.450 ± 0.501 0.864 ± 0.486 0.315 ± 0.475 1.591 ± 0.312 2.123 ± 0.287 1.614 ± 0.411 
Rd-Kok Morning Pre 0.071 0.067 0.367 0.383 0.957 0.929 1.012 
  Post  0.944 1.523 1.805 2.031 2.321 1.348 
 Afternoon Pre 0.360 0.088 0.450 0.542 1.351 1.138 1.114 
  Post  0.377 0.987 1.268 1.744 2.007 2.097 
Rdk Morning Pre 1.780 1.421 1.494 2.378 2.480 1.604 2.651 
  Post  1.592 2.832 3.388 2.692 3.536 1.444 
 Afternoon Pre 2.640 1.780 2.332 2.967 2.668 2.386 2.805 
  Post  2.126 2.245 1.899 2.182 2.600 2.688 
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Table 6.3 continued 
Parameter 
Time of 
day 
Pre- or 
Post- 
smoke 
 Low smoke concentration High smoke concentration 
2% O2 5 min 10 min 15 min 5 min  10 min 15 min 
s Morning Pre 0.465 ± 0.009       
  Post  0.235 ± 0.036 0.123 ± 0.069 0.219 ± 0.041 0.287 ± 0.043 0.195 ± 0.044 0.052 ± 0.089 
 Afternoon Pre 0.465 ± 0.009       
  Post  0.335 ± 0.040 0.286 ± 0.031 0.028 ± 0.064 0.338 ± 0.036 0.273 ± 0.044 0.158 ± 0.062 
Ƙ2(LL) Morning Pre 0.353 ± 0.005 0.344 ± 0.012 0.341 ± 0.001 0.341 ± 0.001 0.350 ± 0.003 0.343 ± 0.002 0.346 ± 0.003 
  Post  0.119 ± 0.012 0.048 ± 0.003 0.048 ± 0.004 0.131 ± 0.005 0.078 ± 0.003 0.019 ± 0.000 
 Afternoon Pre 0.353 ± 0.005 0.346 ± 0.002 0.345 ± 0.004 0.343 ± 0.008 0.352 ± 0.001 0.349 ± 0.003 0.346 ± 0.002 
  Post  0.285 ± 0.028 0.258 ± 0.017 0.258 ± 0.003 0.171 ± 0.010 0.128 ± 0.002 0.097 ± 0.009 
JMAX Morning Pre 144.8 ± 40.9 163.9 ± 39.5 193.0 ± 36.0  178.3 ± 22.2 227.0 ± 14.3  209.6 ± 9.7  230.9 ± 1.9 
  Post  57.9 ± 6.1 21.9 ± 3.5 26.61 ± 6.3 49.4 ± 25.5 31.7 ± 13.3 2.6 ± 0.5 
 Afternoon Pre 95.5 ± 20.8 165.9 ± 18.0 172.3 ± 12.7 158.0 ± 15.6 228.7 ± 20.0 205.0 ± 8.8  191.0 ± 26.0 
  Post  114.5 ± 7.3 113.7 ± 12.2 14.3 ± 7.1 48.9 ± 22.5 32.6 ± 12.1 25.1 ± 7.3 
Vcmax Morning Pre -       
  Post  25.7 ± 21.9 29.3 ± 6.8 16.1 ± 7.7 39.6 ± 13.5 37.9 ± 15.7 9.0 ± 1.1 
 Afternoon Pre 78.4 ± 1.3*       
  Post  86.9 ± 13.9 102.2 ± 9.5 23.9 ± 6.4 19.0 ± 2.0 14.5 ± 2.0 10.2 ± 4.0 
θ Φ2(LL) Pre 0.769*       
 JMAX Pre 0.834*       
bH  Pre 0.116       
bL  Pre 0.143       
*Estimated from pre-smoke data at 21% O2 
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This is most likely due to stomatal closure in the afternoon as a response to light and 
temperature. 
The response of potential e- transport rate to incident irradiance for 10 min exposure to 
low and high concentration smoke was calculated for Strawberry (Fig. 6.6) and Sunflower 
(Fig. 6.7). For Strawberry, there was no difference in impact on J among treatments of low 
and high smoke concentrations applied in either the morning or afternoon. For Sunflower, 
there was a clear difference between morning and afternoon treatments for plants exposed 
to low concentration smoke but not for high concentration smoke.  
6.4.5 Estimating Vcmax and gm 
The maximum rate of Rubisco activity-limited carboxylation (Vcmax) was estimated using 
the generic model represented by Equation 6.11 for Strawberry and Sunflower. For this 
model, the Michaelis-Menten constants, KmC and KmO were fixed, since these parameters are 
believed to be conservative among C3 plants (Von Caemmerer 2000). For this study, KmC was 
fixed at 250 µbar and KmO at 170 mbar. The parameter Jmax remained constant at 200 µmol 
e- m-2 s-1 to avoid interference with the outcome of Vcmax and to reduce potential noise. The 
model required gmo to be set to zero or δ to be set to zero depending on whether gm varied 
with CO2 and irradiance levels. The variable J method was used to detect possible variation 
in gm. It is a common method the estimate rapid gm (Di Marco et al. 1990; Harley et al. 
1992). Variation in gm was detectable and therefore gmo was set to zero. However, due to 
low gm values around zero, this variation was only slight and it should be questioned if the 
choice for setting gmo to zero was correct. An estimate of Vcmax was then obtained using the 
estimates calculated earlier: Rd, θ, Jmax and K2(LL).  
The estimates of Vcmax showed an increase for Strawberry plants exposed to a high 
smoke concentration in the afternoon. In contrast, all of the estimates of Vcmax were similar 
for plants exposed in the morning. For Sunflower plants, there was a decrease in Vcmax 
calculated from post-smoke treatments compared to pre-smoke treatments done in the 
morning. For plants exposed to high smoke concentration, Vcmax estimates decreased with 
increasing exposure time. A similar increase as with Strawberry was found for the 5 and 10 
min exposure to high concentration smoke for Sunflower measured in the afternoon. For all 
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the other treatments, Vcmax showed considerable decreases and this was exacerbated with 
increasing exposure time.  
Under some conditions, estimates of Vcmax were higher for post-smoke treatments 
compared to pre-smoke treatments. This is highly unlikely, since it is expected that due to 
sudden extreme stress that leads to a decrease in stomatal conductance, Vcmax should also 
decrease. The expected pattern of a decrease in Vcmax was found in the A/Ci curves for all 
the smoke treatments for both Strawberry and Sunflower. Here, the slope of the first part of 
the curve for post-smoke data was less steep than the slope of the pre-smoke data, 
indicating a decline in Vcmax. It is therefore likely that this pattern of an increase in Vcmax is 
correct, but that overestimates are calculated using the selected models. 
The NRH-A model was used to estimate gm using Equation 6.12. To estimate gm for post-
smoke data, a common value for gm was estimated from pre-smoke data for both 
Strawberry and Sunflower (Fig. 6.8). As with Vcmax, the estimate of gm was higher than gm for 
pre-smoke treatments. This increase only happened for plants exposed to 5 min of high 
concentration smoke and for both morning and afternoon measurements. Plants exposed to 
low concentration smoke showed a decrease in gm in the morning and an increase in the 
afternoon with increasing exposure time. For Sunflower plants, the estimated gm decreased 
for all post-smoke treatments compared to pre-smoke treatments and this decrease 
generally increased with increasing exposure time. At 15 min exposure to high 
concentration smoke, gm was almost zero, indicating no leaf gas exchange was taken place.  
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Figure 6.6 The response of potential e- transport rate to incident irradiance after 
Strawberry was exposed for 10 min to low concentration smoke (a, b) and high 
concentration smoke (c, d) for measurements done in the morning (a, c) and in the 
afternoon (b, d). Data points represent mean (± standard deviation) of three leaves. Open 
circles represent pre-smoke data and filled circles represent post-smoke data. The curves 
were established using Equation 6.9 using parameter values fitted to the data points.  
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Figure 6.7 The response of potential e- transport rate to incident irradiance after 
Sunflower was exposed for 10 min to a low concentration smoke (a, b) and high 
concentration smoke (c, d) for measurements done in the morning (a, c) and in the 
afternoon (b, d). Data points represent mean (± standard deviation) of three leaves. Open 
circles represent pre-smoke data and filled circles represent post-smoke data. The curves 
were established using Equation 6.9 using parameter values fitted to the data points. 
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Figure 6.8 Mesophyll conductance calculated using the NRH-A method of Yin and Struik 
(2009b) for Strawberry plants measure in the morning (a) and afternoon (b) and for Sunflower 
measured in the morning (c) and afternoon (d). Bars represent mean ± standard error. 
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6.4.6 Smoke CO2 mixing ratios in relation to Φ2(LL) 
To determine if the relatively large variation in low and high smoke concentrations had 
an impact on estimated parameters, the relationship between smoke concentration (as 
measured as CO2 in smoke) and Φ2(LL) was analysed. Investigation of the estimate of Φ2(LL) 
was chosen as this is the first estimate to be calculated in the model steps and at this point 
the data showed little noise. More important maybe is that Φ2(LL) is a good parameter to 
determine if the plant is suffering from stress conditions, since the first indicator of stress in 
a leaf is often damage to Φ2(LL) (Maxwell and Johnson 2000). For Strawberry, the relationship 
between CO2 and Φ2(LL) is shown for all treatments and for measurements done in both the 
morning and afternoon in Fig. 6.9. The values of Φ2(LL) for pre-smoke treatments are close to 
0.8 mol e- (mol photon)-1. There is a clear distinction between estimates for low 
concentration smoke and high concentration smoke. The estimates of Φ2(LL) are generally 
lower for high concentration smoke than low concentration smoke. Both groups show a 
decrease in Φ2(LL)  with increasing CO2. As the impact of smoke was different during the 
morning compared to the afternoon for Sunflower, the relationship of CO2 with Φ2(LL) was 
considered separately (Fig. 6.10). Sunflower plants exposed to smoke in the morning 
showed an immediate decrease in Φ2(LL) for all the treatments. This decrease was substantial 
(approximately 0.4 mol e- (mol photon)-1) even for low smoke concentrations. Although 
when Sunflower plants were exposed to smoke in the afternoon there was an immediate 
decrease in Φ2(LL), this decline was more gradual with increasing CO2 and increasing 
exposure time (Fig. 6.10b).   
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 Figure 6.10 Estimated Φ2(LL) for Sunflower plants exposed to 5, 10 and 15 min of smoke 
in the morning (a) and afternoon (b). Mixing ratios of CO2 measured for ambient air and in 
smoke during the period of exposure to smoke. 
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Figure 6.9 Estimated Φ2(LL) for Strawberry plants exposed to 5, 10 and 15 min of smoke. 
Mixing ratios of CO2 were measured for ambient air and in smoke during the period of 
exposure to smoke. 
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6.4 Discussion 
The aim of this study was to estimate the photosynthetic parameters of Strawberry and 
Sunflower after being exposed to smoke of different concentrations for different periods of 
time. In general, smoke had a negative impact on all parameters estimated (i.e. Rd, K2(LL), θ, 
Sc/o, Vcmax, and gm). The exception was for estimations of Vcmax and gm which showed an 
increase for several, but not all smoke treatments. However, the A/Ci response curves did 
not show an increase in Vcmax, therefore other factors that were not measured may have 
had an effect. Since photosynthetic rates were back to pre-smoke levels within 24 h (see 
Chapter 5), it is not likely that PM deposited on leaf surfaces during exposure to smoke had 
an impact on the photosynthetic apparatus. 
Modelled Φ2(LL) for post-smoke treatments was much lower than the Fv/Fm measured 
using the Li-Cor. Yin et al. (2009) also found a lower Φ2(LL) compared to Fv/Fm and it was 
suggested that this was either due to parameters Fv/Fm and Φ2(LL) being different or that the 
non-rectangular hyperbola of e- transport model does not describe the Φ2 of low light well 
enough. This study supports both of these suggestions. Large differences were found 
between the two parameters for post-smoke treatments, especially at high smoke 
concentrations. This difference may also be due to differences in timing of the 
measurement between the two parameters. The measurement of Fv/Fm was made about 15 
min after each smoke treatment, and the light response curve was taken between 30 min to 
1.5 h after smoke treatments. Since the plants were exposed to an extreme smoke 
concentration in a short time, physico-biochemical reactions of the plants might have 
changed within this time frame. The fact that differences in Fv/Fm for Sunflower, the plant 
that was more vulnerable to smoke than Strawberry, were greater than for Strawberry 
supports this suggestion.  
It was established that the change in the lumped parameter s was due to a change in the 
absorbance estimate, β. However, a change in β could not have been caused by PM 
deposition on the leaf surface, since photosynthesis rates were fully recovered the next day, 
without the removal of PM.  The studies of Rai et al. (2011) and Pellegrini et al. (2013) found 
a reduction in chlorophyll a and b content after plants were fumigated with O3. A reduction 
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in chlorophyll content can lead to a reduction in the light absorbing capacity of the leaf 
(Calatayud and Barreno 2004) that might explain the reduction in β. However, it should be 
questioned if damage to chlorophyll a and b does happen within such a short time-span 
after exposure to smoke. More research is needed to investigate the longer-term effect of 
smoke on chlorophyll content.  
In general, smoke did not have much impact on the estimated parameters for 
Strawberry for short periods of exposure to low concentration smoke. This was most likely 
due to the mainly low concentrations of smoke that the plants for this treatment happened 
to be exposed to. In Chapter 5 it was shown that for this particular treatment, 
photosynthesis rates were not significantly affected.  The results of this study showed that 
the estimated parameters were slightly decreased, but not as much as with other 
treatments. This indicates that there may be a concentration threshold that needs to be 
reached before photosynthetic rates decrease enough to affect leaf functioning.  
The estimated parameters for Sunflower exposed to 5 min of smoke showed differences 
between treatments being done in the morning compared to the afternoon. This difference 
was also found in leaf gas exchange (e.g. photosynthesis, stomatal conductance and 
transpiration) as shown in Chapter 5. It is most likely that a diurnal pattern of light and/or 
temperature causes the stomata to close in the late afternoon. A small impact on the 
estimated photosynthetic parameters supports the suggestion of the importance of 
stomatal closure during exposure to smoke that was also shown in Chapter 2 with the fast 
stomatal closure of the Orange var. Valencia.  
Because of the difference between gas exchange of plants in morning and afternoon 
treatments, time of day had to be added as an extra factor. The result of this was that the 
number of replicates was halved for each treatment. Since photosynthesis constantly 
interacts with the environment and is a dynamic process, the variance among plants can be 
substantial and with a small dataset, this variance can play a significant role. In addition, 
there was large variation in the concentrations of the smoke used to treat plants. Both of 
these aspects were a challenge for calculating the parameters and often resulted in the use 
of common and fixed parameters. For example, an unintentionally small data set could 
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explain the increased values of Vcmax and gm described earlier. It was not possible to 
estimate gm using the extended model of Yin et al. (2009) as this led to increased estimates 
of Vcmax compared to pre-smoke treatments. It was therefore decided to use to NRH-A 
model of (Yin and Struik 2009b) for determining gm. This model treats gm as a constant and 
therefore should reduce potential noise. Although better estimates for gm were made using 
the NRH-A model, still several results for gm estimates showed a slight increase as was also 
the case for estimates of Vcmax. This variation most likely created an error propagation 
during the estimation of the parameters and became too high for the last model step 
consisting of calculating Vcmax and gm. In addition to error propagation, the parameters Jmax 
and Tp were also fixed for calculating Vcmax. Fixing these parameters using pre-smoke 
measurements has a high risk of estimating incorrect values for Vcmax considering the 
response curves obviously show that smoke has a negative impact on Jmax and Tp.  
Although several parameters needed to be fixed and might have led to under- or 
overestimation of other estimated parameters, the model still provided a good analysis of 
the impact of the treatment (smoke concentration x exposure time). For example, by using 
the lumped parameter s from pre-smoke treatments to calculate the gm for post-smoke 
treatments this might have led to the underestimation of the gm parameter using the 
generic model as described by equation 6.11. This way of calculating ignores the possible 
increase in alternative e- transport rates (either cyclic or pseudocyclic e- pathway) for post-
smoke treatments. This study did not quantitatively assess the magnitude of the possible 
increases of cyclic or pseudocyclic e- pathways.  
Fixing parameters had to be done in the initial steps of the modelling process due to 
missing low O2 data for post-smoke measurements. It is therefore likely that having 
information for responses to low O2 would give more realistic values for estimated post-
smoke parameters. From a practical point of view measuring low O2 responses for all smoke 
treatments was too time consuming and expensive for this study. For this reason it is 
suggested that a pilot study should be done involving a few treatments and only one plant 
species to establish the impact of smoke on the lumped parameter s.  
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In this study the assumption was made that ρ2 (part of the lumped parameter s) was a 
fixed parameter and thus would not have changed after exposure to smoke. Many 
physiological studies use the assumption that the lumped parameter s is a constant with 
typical values around 0.5 (Yin et al. 2009). However, this study showed that smoke affects 
both the physical and biochemical pathways by impacting parameters such as gm, Vcmax and 
Jmax. Using the assumption that ρ2 does not change after exposure to smoke is questionable 
as smoke had a considerable impact on all the parameters calculated. It is suggested that 
the parameters of the lumped parameter s are estimated separately to be able to detect the 
impact of smoke on each of the individual parameters. Overall, considering the restrictions 
made and the limitations of the model used, the model outcome gave a relatively good 
explanation of the impact of smoke on leaf gas exchange. However, including low O2 
measurements of post-smoke treatments and increasing replication would give more robust 
estimates of parameters. 
The study of Gilbert and Ripley (2002) is the only other study known of that investigated 
exposure of plants to smoke using A/Ci response curves. However, no light-response curves 
were created and the full set of photosynthetic parameters was not estimated. From the 
A/Ci response curves, Gilbert and Ripley (2002) concluded that 1 min of exposure to smoke 
resulted in a decrease in carboxylation efficiency and RuBP regeneration capacity. This 
result support the A/Ci curves created this study which also show a decrease in the rate of 
carboxylation. 
Many studies have investigated the effect of various compounds associated with 
pollution on photosynthetic rates (Darrall 1989; Eamus and Fowler 1990; Garty et al. 2000; 
Pellegrini et al. 2011). With predicted climate change and the subsequent increase in CO2, 
the effect of air pollution on crop production has gained particular attention. Although there 
are many different air pollutants, most studies have focused on an increase in O3. Ozone in 
the atmosphere has been increasing at a rate of 0.5 to 2% yearly (Vingarzan 2004). It can 
cause oxidation of biological tissue (Guerova and Jones 2009) that can lead to damage of 
cell walls initiating cascade effects with cell death as the final outcome (Rai et al. 2011). 
Studies on the impact of relatively long-term exposure to O3 on the photosynthetic 
apparatus have found decreases in photosynthesis, stomatal conductance and Fv/Fm (Rai et 
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al. 2011; Pellegrini et al. 2013; Thwe et al. 2014) and a reduction in Vcmax and Jmax (Thwe et 
al. 2014). Perhaps more comparable to the current study, short-term exposure (4-8 h) of 
wheat to O3 also resulted in a decrease in photosynthesis, stomatal conductance, and Fv/Fm 
(Farage et al. (1991). Although the period of fumigation used is still much longer than the 15 
min exposure used in this study, the concentration of O3 is most likely much higher in the 
current study and thus might result in similar impacts on photosynthetic parameters.  
6.5 Conclusion 
This is the first study that has estimated a full set of parameters for a C3 biochemical 
model of CO2 assimilation for plants after exposure to smoke. The parameters estimated 
show that there is a considerable increase in the diffusional resistance of mesophyll 
conductance (gm), and also that there is impairment of the biochemical capacity (Vcmax and 
Jmax) of leaves. Photosynthesis rates were back to pre-smoke rates 24 h later indicating that 
physical barriers to gas exchange such as deposition of PM on the leaf surface did not have 
an impact on the photosynthetic apparatus. The use of models described here to estimate 
the photosynthetic parameters worked well, with the exception of the last step where Vcmax 
and gm were overestimated for some treatments. Problems with the calculation of Vcmax and 
gm are most likely due to error propagation in the model caused by low treatment 
replication, variation in the concentration of smoke used and missing low O2 data for post-
smoke measurements.  
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Chapter 7 Synthesis: the effect of smoke on plants 
7.1 Research outcomes 
The goal of this research was to investigate the effect of smoke from bushfires and 
prescribed burning on agricultural and native Australian plant physiology. Smoke is a 
complex by-product of bushfires and prescribed burning that varies depending on the fuel 
(plant biomass) burnt and the characteristics of the burn itself. This is the first study that has 
taken into account a range of aspects including fuel type, exposure time, concentration of 
smoke, and leaf anatomy to provide greater insight into the impact of smoke on plants. The 
results obtained from this research will contribute significantly to the relatively small 
amount of literature available for this topic. The main research outcomes established from 
the body of work presented in this thesis were: 
 Australian native plant species can withstand the effects of smoke to a greater extent 
than exotic species as they have evolved in water- and nutrient-limited ecosystems and 
have developed physiological and structural mechanisms to cope with environmental 
stress. It has been suggested in the literature that these mechanisms also allow plants to 
survive in fire-prone environments and here it is proposed that they also permit some 
protection to cope with the effects of smoke. 
 Fuel type, smoke exposure time and smoke concentration will impact leaf gas exchange 
differently for different plant species through both physical and biochemical means. 
 Leaf morphology and anatomy of xerophytic plants will offer better protection against 
components of smoke from bushfires and prescribed burns than mesophytic plants. 
 It is expected that the decrease in photosynthesis due to exposure to smoke will be 
caused primarily by chemical processes but also by physical mechanisms. 
7.1.1 Impact of smoke on leaf gas exchange of plants 
Most people have had the unpleasant experience of inhaling smoke followed by a bout 
of coughing and watering eyes. When plants are engulfed in smoke from a nearby bushfire 
or prescribed burn, they do not have the ability to cough or move out of the offending 
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smoke. Although a great deal of research has already shown that smoke plumes and hazes 
from bushfires and prescribed burns can affect human health, particularly particulate 
matter (PM) (Tham et al. 2009; Dennekamp and Abramson 2011; Martin et al. 2013), little is 
known about the ‘health’ impact on plants. 
The experiment described in Chapter 2 involved a field study where 14 agricultural and 
native Australian plant species were exposed to 15 min of smoke from burning a common 
fuel type (leaves of Eucalyptus saligna). Leaf gas exchange measurements (e.g. 
photosynthesis, stomatal conductance and transpiration) were done before and at four 
times after exposure to smoke. In a subsequent experiment described in Chapter 3, a 
smaller set of plants were exposed to smoke from different fuel types (E. saligna leaves, 
forest litter, needles from Pinus radiata, a mixture of exotic grasses, straw) and similar gas 
exchange data was collected. In addition, all five fuel types were analysed for CO, CO2 and 
volatile organic compounds (VOCs). For the third experiment described in Chapter 5, two 
common agricultural plants (Sunflower and Strawberry) were exposed to smoke from a 
single type of fuel (E. saligna leaves) under controlled laboratory conditions but for different 
periods of time (5, 10 and 15 min) and concentration (indicated by low and high CO2 
concentrations).  
The series of experiments described above showed that smoke had a significant effect 
on the leaf gas exchange of all plant species tested and that this effect was species-specific. 
Stomatal closure, either as a response to smoke exposure or due to stomata already being 
closed at the time of smoke exposure, was the best mechanism for protection against 
smoke. For example, Orange var. Valencia had significantly smaller stomatal conductance 
immediately after exposure to smoke (Chapter 2 and 3). The importance of stomatal closure 
was highlighted again when Sunflower plants exposed to smoke in the late afternoon were 
better able to withstand smoke than plants exposed to smoke in the morning (Chapter 5). 
The effect of smoke from the five fuel types differed between species but for one fuel type, 
the response was similar (i.e. all leaves died when exposed to smoke from burning straw). 
The chemical analysis of smoke showed that the different fuel types used varied in CO, CO2 
and VOC composition and certain VOCs were unique to each fuel. This provides further 
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evidence that biochemical reactions are likely to be responsible for reduction in leaf gas 
exchange and changes in plant physiology when plants are exposed to smoke. 
7.1.2 Leaf anatomy: a major or minor role in plant protection against smoke uptake? 
Leaf morphology and anatomy of plants is extremely diverse. Functional leaf traits are 
often representative of a specific ecosystem, however within an ecosystem differentiation 
between leaf functional traits can vary considerably. Native Australian plant species have 
adapted in many ways in order to survive in dry and low nutrient environments and several 
functional leaf traits were suggested to have an important role in protection when plants 
are exposed to smoke. The results described in Chapters 2, 3 and 5 indicated the importance 
of leaf morphology and anatomy in determining the impact of smoke on leaf gas exchange. 
Leaf functional traits including stomatal structure and density, specific leaf area (SLA), 
thickness of the lamina, cuticle, epidermis and spongy mesophyll, and the presence of 
trichomes were determined for species used in this study. Several of these traits may offer 
physical protection against smoke entering leaf tissues (e.g. lamina thickness, encrypted 
stomata). However, several traits such as the presence of trichomes and a rough leaf surface 
may have a negative impact by encouraging PM to attach to leaf surfaces. For example, 
leaves of the xerophyte European Olive died after exposure to smoke from each of the five 
fuel types. This was the only species to have a dense covering of peltate-shaped trichomes. 
Results such as this indicate that xerophytic plants species do not withstand smoke better 
per se than mesophytic species. Although the most important mechanism that plants have 
to cope with smoke is rapid stomatal closure, the role of leaf morphology and leaf anatomy 
cannot be disregarded as a few species seemed to use this mechanism. Several studies have 
shown small stomata have the ability to undergo rapid movement (Aasamaa et al. 2001). 
Measuring stomatal size of the species used in this study would be worth investigating to 
determine if this link between small stomata and rapid movement is evident. 
7.1.3 Physico-biochemical responses in plants caused by smoke 
Estimating photosynthesis parameters of a C3 biochemical model has been used 
extensively to understand the impact of stress on plants. This is the first study to date that 
214 
 
has measured the full set of photosynthesis parameters after plants have been exposed to 
smoke. 
Gas exchange data described in Chapter 5 was combined with light and A/Ci response 
curves before and after exposure to smoke using the model of Yin et al. (2009) for 
estimation of photosynthetic parameters. It was found that smoke had both a physiological 
impact – reduction in stomatal and mesophyll conductance, as well as a biochemical impact 
– reduction of Jmax and Vcmax. This result adds to the evidence amassed in Chapter 3 where 
the study indicated that a biochemical reaction was involved in reduction of gas exchange. 
However, when Strawberry was exposed to smoke, both low and high concentration smoke, 
plants had fully recovered the next day indicating that the physico-biochemical impact was 
not substantial enough for the plant to die. The parameter estimates were calculated using 
the effect of smoke from burning leaves of E. saligna. It would be interesting to determine 
parameters estimates using the effect of smoke from another fuel type such as straw which 
caused leaf mortality in all of the plant species tested.  
7.1.4 The level of impact of smoke on plants 
Rapid stomatal closure or stomata already being closed when exposed to smoke from 
bushfires and prescribed burning is the most important factor for preventing physico-
biochemical harm to plants. Stomatal closure is a physiological mechanism that happens on 
an environmental- to subcellular-level (see arrows at side of Fig. 7.1). When a plant is unable 
to close its stomata rapidly, leaf morphology and anatomy may ameliorate the impact of 
smoke. The thickness of leaf tissues including the epidermis and palisade and spongy 
mesophyll and how these cells are arranged (i.e. ‘stacking’ density and the ratio of cell 
volume to intracellular space) may be of considerable importance at the subcellular-level. 
On the cellular-level (Fig. 7.1), it is highly likely that the thickness of cell wall is of 
significance in increasing resistance in the transport of pollutants (Tosens et al. 2012; Tomás 
et al. 2013) and mesophyll conductance (Peguero-Pina et al. 2012).  
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It is likely that the impact of smoke from prescribed burning and bushfires will not have an 
effect on populations of plants such that there would not be changes in population size or 
community composition (Fig. 7.1). For some species (e.g. Sunflower; Chrysanthemoides 
monilifera, Gilbert and Ripley (2002), the impact of smoke may be at a whole plant level, 
and if plant death does not happen, will result in alterations of longevity and growth of plant 
organs. However, for many species, the effect of smoke will be limited to a cellular- and 
subcellular-level (e.g. species used in this study; (Davies and Unam 1999; Gilbert and Ripley 
2002; Calder et al. 2010; Cowan 2010; Bell et al. 2013). This is mainly because the impact of 
low concentration smoke on photosynthesis was not long-lasting and had generally 
returned to pre-smoke rates within 24 h. This is a realistic assumption as the concentrations 
of smoke generated in the smoke chamber – at low concentrations – were within the range 
of the CO2 found in a smoke plume of a prescribed burn (Reisen and Brown 2009). It should 
be noted that when smoke was held in the chamber (and in the bags in the field studies), it 
remained at a constant concentration and care was taken to make sure that it was evenly 
distributed around the enclosed plant material. However, when a plant is exposed to smoke 
from a bushfire or a prescribed burn, smoke will not be evenly distributed and exposure 
times and concentrations will vary considerably. 
 7.2 Further research 
7.2.1 Analysis of particulate matter  
The gaseous compounds, CO2, CO and VOCs were quantified for the five different fuel 
types used and the amount of PM was estimated using a mass balance approach. However, 
information regarding PM deposition on leaf surfaces was missing. Particulate matter 
deposited on leaf surfaces can impact leaf physiological processes, such as increasing leaf 
temperature, but can also cause weathering of the wax layer (e.g. Turunen and Huttunen 
1990; Trimbacher and Weiss 2004). It would be of great interest to determine the amount, 
size and chemical composition of PM deposition on leaf surfaces when exposed to smoke 
from different fuel types. A preliminary study was done by exposing microscope coverslips 
to 15 min of smoke from combustion of two fuel types (i.e. E. saligna leaf litter and a 
mixture of exotic grasses). Images of the surface of each coverslip were taken with a 
scanning electron microscope (Australian Microscopy and Microanalysis Research Facility, 
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University of Sydney) and are shown in Fig. 7.2. The size and quantity of PM produced could 
potentially be quantified using such images. 
 
7.2.2 Manipulation of exposure time and concentration of smoke 
The study described by Davies and Unam (1999) represents the only research that has 
investigated the impact of smoke during a forest fire. The next logical step for the research 
presented here would be to investigate gas exchange of native and agricultural plants in 
more realistic situations. This could be done in two ways: firstly, simply by measuring gas 
exchange of plants in close proximity and downwind of a prescribed burn, and secondly by 
combusting selected types of fuel and transferring the smoke produced into a purpose-built 
tent (Kennison et al. (1995). Such a tent has been used previously by Dixon et al. (1995) for 
seed germination studies but could be easily adapted to envelop native or agricultural 
plants growing in situ. The tent would need to be made of clear plastic to allow plants to 
remain in ambient light as attempted in a glasshouse study described by Bell et al. (2013). 
This would provide an opportunity to investigate the effect of smoke on the whole plant 
(see Fig. 7.1). 
 
(a) (b) 
Figure 7.2 Scanning electron microscope image of particulate matter deposited onto a 
coverslip exposed to 15 min of smoke from burning leaves of Eucalyptus saligna (a) and a 
mixture of exotic and native grasses (b). The magnification of images are 811X (a) and 807X (b). 
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7.2.3 Smoke study in relation to drought stress 
Plants can withstand air pollution better when stomata are closed which happens when 
plants are drought stressed (Panek and Goldstein 2001; Kozlowski and Pallardy 2002). Plants 
in Australia often suffer from seasonal drought stress in dry summer months, a time that 
coincides with the fire season. Therefore it is likely that plants may be better protected from 
smoke when suffering from water deficit in summer. It would be useful to test this 
hypothesis in a glasshouse or field-based experiment with different levels and types of 
stress. This study should include anatomical leaf analysis as described in chapter 4. As it is 
most likely that there are strong anatomical relationships with drought stress, but more 
robust sampling techniques will be required.  
7.3 Management implications 
From late March to early April 2004, officers of the Western Australia Department of 
Conservation and Land Management (DCLM) conducted prescribed burning in Warrant 
National Park situated in south-west Western Australia (Victorian Government Sollicitors 
Office 2012). Several vineyards adjacent to the National Park were exposed to smoke from 
these burns. The subsequent vintage was putatively smoke-tainted and was claimed to have 
resulted in a financial loss of $620 000. Grape growers had contacted DCLM before the 
planned burn to ask for postponement of burning to prevent smoke damage to the crop. 
However, DCLM concluded that weather conditions were suitable and the burn went ahead. 
The land owners filed a court claim against DCLM for property damage. In April 2012, the 
verdict of the Court of Appeal of Western Australia found that DCLM did all that they could 
to avoid the risk of smoke-taint caused by prescribed burning and that the obligation of 
DCLM to manage the land in accordance with the relevant fire management plan was within 
their duty-of-care (Victorian Government Solicitor's Office 2012).   
This is one of the first documented cases where smoke from prescribed burning has 
caused economic loss. The court case has resulted in better communication between DCLM 
and landowners adjacent to areas destined for prescribed burning and informing the 
community about prescribed burns activities has become a routine part of fire management 
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throughout Western Australia. For example, the Department of Parks and Wildlife (DPaW) 
recently published their smoke management plan (June 2013). This plan states that to 
determine if a prescribed burn can be carried out, DPaW will work closely with the Bureau 
of Meteorology to predict and track the smoke plume to be formed during prescribed 
burning on a particular day. This approach takes into account populated areas, agricultural 
industries and other landholders (Department of Parks and Wildlife, 2013). States other 
than Western Australia have since encountered the problem of smoke-tainted wine. 
Vineyards in South Australia and Victoria have had major problems with smoke-tainted wine 
in the past decade but these have largely been due to bushfires (e.g. Alpine fires in Victoria 
in 2003). Management of smoke in conjunction with landholders is now also a common 
practice in these states. 
Since the first court case in Western Australia related to smoke tainted-wine, a great 
deal of research has been done to characterise the chemicals in smoke that are responsible 
for the taint (Kennison et al. 2007; Kennison et al. 2008), but also into smoke plume 
formation and direction, dispersion and concentration modelling (Goodrick et al. 2013; 
Williamson et al. 2013). This research has not only increased our knowledge of the impact of 
smoke, but better predictions, and thus far greater prevention, is now associated with 
prescribed burns. Fire and land managers have statutory responsibilities to effectively 
manage smoke to minimise the impact on human health and safety, but recent efforts have 
increased mitigation controls for protection of economical assets. A greater awareness 
about the impact of smoke is also growing in the community, including the horticultural 
industry. For example, Horticulture Australia, Sydney has released a smoke management 
plan that contains a risk assessment for burning waste material where smoke can impact 
adjacent areas (Lovell 2006).  
Smoke-tainted wine is not a problem confined to Australia and it has the potential to 
occur in other parts of the world where fire plays a significant role in the landscape. Greater 
awareness of the effect of smoke from forest fires and prescribed burning is evident in the 
United States. For example, in October 2013, an International Smoke Symposium was held 
in Maryland with the aim to discuss knowledge, management strategies and knowledge 
gaps within the field of smoke science. The main focus of smoke management in the United 
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States is for preventing smoke entering populated areas, avoiding national ambient air 
quality violations and avoiding visibility impacts (USDA Forest Service 2012). 
It is predicted that as a result of climate change there will be an increase in more 
extreme fire events and an increase in the duration of the fire season (Hughes and Steffen 
2013). For this reason more prescribed burning will be needed to reduce the risk of 
uncontrolled bushfires. However, as a consequence of a longer fire season, there will be less 
time available for prescribed burning. This is likely to increase tension between landowners 
and land managers executing prescribed burns due to fewer available days of executing a 
burn under ‘safe’ conditions. Therefore, greater practical knowledge is needed to help fire 
practitioners to better understand the impact of smoke on adjacent industries and to 
undertake the difficult task of balancing competing fire management and air quality 
management obligations. A comment from a local land manager and champion of the 
research presented in this thesis epitomises this dilemma: 
‘The work of this PhD is a small starting piece in the puzzle regarding the effects of 
smoke on plant physiology and horticultural productivity. The ability to undertake hazard 
reduction burning increasingly depends on land managers’ ability to recognise and consider 
the potential impacts across a wide range of variables and to modify burn prescriptions to 
minimise these. Continued work such as this will better enable practitioners to work with 
industry and plan to mitigate deleterious impacts of smoke’. – Tim McGuffog, Forests New 
South Wales 
The study presented here has a practical application for fire and land managers (Fig. 
7.3). For example, the results suggests that when doing prescribed burns, plant physiological 
processes such as diurnal patterns of leaf gas exchange could be taken into account to 
determine timing of burning. Data from this study can also contribute to modelling efforts 
for prediction of movement of smoke plumes, perhaps eventually by modelling the impact 
on a crop in the pathway of a smoke plume. And while this study has been done in Australia, 
the information gathered is applicable worldwide (Fig. 7.3). Although not desirable, with 
future predictions of increasing numbers and severity of bushfires and greater need for 
prescribed burns, this study is likely to have considerable importance in the future.   
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Figure 7.3 A schematic representation of the impact of findings from this research for the 
scientific community, fire and land managers and policy makers in Australia and on a global 
scale. 
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Appendix 1 
 
The SAS codes are given for Strawberry, with the data set (CARDS) being shortened for 
formatting.  
Model step 1: Estimating quantum efficiency of PSII e- transport under limiting light (Ф2(LL)) 
This step consists of two SAS scripts. The first script is used to calculate pre-smoke Ф2(LL) 
(PHI2) and a fixed theta. The second SAS script is for calculating PHI2 for all the treatments 
for post-smoke treatments using the fixed theta calculated in the first SAS script.  
TITLE 'PHI-photosystem II and light relationships pre-smoke data 
Strawberry estimating fixed theta'; 
 
DATA A; 
   INPUT Z1 Z2 Z3 Z4 Z5 Z6 IINC PHI2; 
   CARDS; 
 
1 0 0 0 0 0 0 0 18.441  0.765 
1 0 0 0 0 0 0 0 50.299  0.745 
0 1 0 0 0 0 0 0 18.570  0.760 
0 1 0 0 0 0 0 0 49.982  0.737 
0 0 1 0 0 0 0 0 20.048  0.775 
0 0 1 0 0 0 0 0 50.001  0.761 
0 0 0 1 0 0 0 0 18.722  0.752 
0 0 0 1 0 0 0 0 49.561  0.729 
0 0 0 0 1 0 0 0 19.209  0.745 
0 0 0 0 1 0 0 0 49.853  0.722 
0 0 0 0 0 1 0 0 18.809  0.753 
0 0 0 0 0 1 0 0 48.615  0.732 
; 
 
PROC NLIN DATA=A METHOD=DUD ITERATIONS=100; 
PARMS J2MAX1=150 PHI2LL1 =0.78 J2MAX2=150 PHI2LL2 =0.78 J2MAX3=150 
PHI2LL3 =0.78 J2MAX4=150 PHI2LL4 =0.78 J2MAX5=150 PHI2LL5=0.78 
J2MAX6=150 PHI2LL6=0.78 THETA=0.7; 
 
J2MAX  = Z1*J2MAX1 + Z2*J2MAX2 + Z3*J2MAX3 + Z4*J2MAX4 + Z5*J2MAX5 + 
Z6*J2MAX6; 
PHI2LL = Z1*PHI2LL1+ Z2*PHI2LL2+ Z3*PHI2LL3 + Z4*PHI2LL4 + 
Z5*PHI2LL5 + Z6*PHI2LL6;  
 
   ABSP   = 0.85; 
         PHI1LL = 1.0; 
   FCYC   = 0.0; 
   IABS   = IINC*ABSP; 
 
    ALP2LL = (1-FCYC)*PHI2LL/((1-FCYC)+PHI2LL/PHI1LL); 
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   SQ      = ((ALP2LL*IABS+J2MAX)**2-
4*THETA*ALP2LL*J2MAX*IABS)**0.5; 
 
MODEL  PHI2  = PHI2LL*(ALP2LL*IABS+J2MAX-SQ)/(2*THETA*ALP2LL*IABS); 
 output out = b predicted = yp residual = res ; 
proc corr; 
 var PHI2 yp; 
proc print; 
RUN; 
Once Ф2(LL) and a fixed θ were calculated for the pre-smoke data using the SAS script above, 
the fixed θ was used to calculate the post-smoke data for each treatment using the script 
below. 
 
TITLE 'PHI-photosystem II and light relationships for Strawberry 
after 5 min exposure to a low concentration of smoke; 
 
DATA A; 
   INPUT IINC PHI2; 
   CARDS; 
 
18.848 0.735 
49.708 0.719 
98.921 0.685 
148.400 0.625 
199.416 0.570 
499.865 0.333 
1001.565 0.183 
1500.330 0.127 
1999.325 0.102 
; 
 
PROC NLIN DATA=A METHOD=DUD ITERATIONS=100; 
PARMS J2MAX=150 PHI2LL =0.78; 
 
ABSP   = 0.85; 
PHI1LL = 1.; 
 FCYC   = 0.; 
 THETA2=0.7475; 
IABS   = IINC*ABSP; 
ALP2LL = (1-FCYC)*PHI2LL/((1-FCYC)+PHI2LL/PHI1LL); 
 
SQ      = ((ALP2LL*IABS+J2MAX)**2-
4*THETA2*ALP2LL*J2MAX*IABS)**0.5; 
 
MODEL  PHI2  = PHI2LL*(ALP2LL*IABS+J2MAX-SQ)/(2*THETA2*ALP2LL*IABS); 
 output out = b predicted = yp residual = res ; 
proc corr; 
 var PHI2 yp; 
proc print; 
RUN;  
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Model step 2: Estimating day respiration (Rd) and a lumped calibration factor (s)  
 
No SAS codes are provided for this step since this step involves simple linear regression 
that was done in MS-Excel. 
Model step 3: Calculating e- transport parameters       , Jmax and θ  
As with Step 1, θ needed to be fixed as well for post-smoke data and this again was done 
by estimating fixed θ by using pre-smoke data. The equation in this step is based on 
Equation 6.9 and two input parameters are estimated before from parameterization in Step 
1 for Ф2(LL)  (PHI2LL) and in s (LUMP) in Step 2. 
Model step 3.1 
TITLE 'light response of J pre-smoke data'; 
 
DATA A; 
   INPUT  Z1 Z2 Z3 Z4 Z5  IINC PHI2; 
   CARDS; 
 
1 0 0 0 0 0 18.441 0.765 
1 0 0 0 0 0 0.299  0.745 
0 1 0 0 0 0 18.570 0.760 
0 1 0 0 0 0 49.982 0.736 
0 0 1 0 0 0 20.048 0.775 
0 0 1 0 0 0 50.000 0.761 
0 0 0 1 0 0 18.722 0.752 
0 0 0 1 0 0 49.561 0.729 
0 0 0 0 1 0 19.209 0.745 
0 0 0 0 1 0 49.853 0.722 
0 0 0 0 0 1 18.809 0.753 
0 0 0 0 0 1 48.615 0.732 
; 
PROC NLIN DATA=A METHOD=GAUSS ITERATIONS=100; 
PARMS JMAX1=150 JMAX2=150 JMAX3=150 JMAX4=150 JMAX5=150 JMAX6=150 
JMAX7=150 JMAX8=150 JMAX9=150 JMAX10=150 JMAX11=150 JMAX12=150 
JMAX13=150 JMAX14=150 JMAX15=150 JMAX16=150 JMAX17=150 JMAX18=150 
JMAX19=150 JMAX20=150 JMAX21=150 JMAX22=150 JMAX23=150 JMAX24=150 
JMAX25=150 JMAX26=150 JMAX27=150 JMAX28=150 JMAX29=150 JMAX30=150 
JMAX31=150 JMAX32=150 JMAX33=150 JMAX34=150 JMAX35=150 JMAX36=150 
THETA=0.7; 
 
JMAX  = Z1*JMAX1 + Z2*JMAX2 + Z3*JMAX3 + Z4*JMAX4 + Z5*JMAX5 + 
Z6*JMAX6 + Z7*JMAX7 + Z8*JMAX8 + Z9*JMAX9 + Z10*JMAX10 + Z11*JMAX11 
+ Z12*JMAX12 + Z13*JMAX13  + Z14*JMAX14 + Z15*JMAX15 + Z16*JMAX16 + 
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Z17*JMAX17 + Z18*JMAX18 + Z19*JMAX19 + Z20*JMAX20 + Z21*JMAX21 + 
Z22*JMAX22 + Z23*JMAX23 + Z24*JMAX24 + Z25*JMAX25 + Z26*JMAX26 + 
Z27*JMAX27 + Z28*JMAX28 + Z29*JMAX29 + Z30*JMAX30 + Z31*JMAX31 + 
Z32*JMAX32 + Z33*JMAX33 + Z34*JMAX34 + Z35*JMAX35 + Z36*JMAX36; 
  
 LUMP   = 0.5074; 
 
     PHI2LL1 = 0.7725; 
 PHI2LL2 = 0.7696; 
 PHI2LL3 = 0.7893; 
 PHI2LL4 = 0.7673; 
 PHI2LL5 = 0.7503; 
 PHI2LL6 = 0.7648; 
  
 
PHI2LL = Z1*PHI2LL1 + Z2*PHI2LL2 + Z3*PHI2LL3 + Z4*PHI2LL4 + 
Z5*PHI2LL5 + Z6*PHI2LL6 + Z7*PHI2LL7 + Z8*PHI2LL8 + Z9*PHI2LL9 + 
Z10*PHI2LL10 + Z11*PHI2LL11 + Z12*PHI2LL12 + Z13*PHI2LL13  + 
Z14*PHI2LL14 + Z15*PHI2LL15 + Z16*PHI2LL16 + Z17*PHI2LL17 + 
Z18*PHI2LL18 + Z19*PHI2LL19 + Z20*PHI2LL20 + Z21*PHI2LL21 + 
Z22*PHI2LL22 + Z23*PHI2LL23 + Z24*PHI2LL24 + Z25*PHI2LL25 + 
Z26*PHI2LL26 + Z27*PHI2LL27 + Z28*PHI2LL28 + Z29*PHI2LL29 + 
Z30*PHI2LL30 + Z31*PHI2LL31 + Z32*PHI2LL32 + Z33*PHI2LL33 + 
Z34*PHI2LL34 + Z35*PHI2LL35 + Z36*PHI2LL36; 
 
K2LL   = LUMP*PHI2LL; 
 
J    = LUMP*IINC*PHI2; 
 
SQ   = ((K2LL*IINC+JMAX)**2-4*THETA*K2LL*JMAX*IINC)**0.5; 
 
MODEL  J   = (K2LL*IINC+JMAX-SQ)/(2*THETA); 
 output out = b predicted = yp residual = res ; 
proc print; 
RUN;  
 
The fixed theta obtained in the former step, 'light response of J pre-smoke data', was 
used in the following step to calculate the post-smoke data. 
Model step 3.2 
TITLE 'light response of J for Strawberry after 5 min exposure to a 
low concentration of smoke; 
 
DATA A; 
   INPUT     IINC     PhI2; 
   CARDS; 
18.848 0.735 
49.708 0.720 
98.921 0.685 
148.400 0.625 
199.416 0.570 
499.865 0.333 
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1001.564 0.182 
1500.330 0.127 
1999.325 0.102 
; 
PROC NLIN DATA=A METHOD=GAUSS ITERATIONS=100; 
PARMS JMAX=150; 
 
LUMP = 0.455; 
PHI2LL = 0.7580;  
THETA = 0.8064; 
 
K2LL = LUMP*PHI2LL; 
 
J = LUMP*IINC*PHI2; 
 
   SQ   = ((K2LL*IINC+JMAX)**2-4*THETA*K2LL*JMAX*IINC)**0.5; 
 
MODEL  J   = (K2LL*IINC+JMAX-SQ)/(2*THETA); 
 output out = b predicted = yp residual = res ; 
proc print; 
RUN;  
Model step 4: Calculating Sc/o 
To calculate Sc/o, first a common Rd was estimated using the limited light range data 
from pre-smoke and low O2 measurements. Once the common Rd was calculated this 
parameter together with the estimated bH and bL were used to calculate Sc/o. 
Model step 4.1 
TITLE 'Rd estimation pre-smoke data & 2% O2: separate slopes, same 
intercept'; 
 
DATA a; 
   INPUT Z1 Z2 A PHI2 IINC; 
   CARDS; 
1 0 -0.560  0.765  18.441 
1 0 1.613  0.745  50.299 
1 0 3.423  0.704  100.026 
1 0 5.801  0.652  149.238 
1 0 7.222  0.618  200.409 
1 0 -0.517  0.752  18.722 
0 1 0.641  0.753  19.306 
0 1 2.919  0.687  48.824 
0 1 5.643  0.561  98.890 
0 1 6.561  0.481  148.499 
0 1 9.086  0.423  200.736 
0 1 1.047  0.748  19.699 
; 
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PROC NLIN DATA=A METHOD=GAUSS ITERATIONS=100; 
PARMS RD=1.5 S1 =0.5 S2=0.5;  
 
S  = Z1*S1+Z2*S2; 
x = (IINC*PHI2)/4; 
 
MODEL A=-RD+s*x; 
 output out = b predicted = yp residual = res ; 
proc corr; 
 var A yp; 
proc print; 
RUN;  
 
Model step 4.2 
TITLE 'Combined data of low Ci to fit SCO'; 
 
DATA A; 
   INPUT RD   BH CIH AH BL CIL AL; 
   CARDS; 
0.759 0.083 50.995 -0.182 0.148 26.062 2.550  
0.759 0.083 77.161 2.444 0.148 47.483 5.977 
0.759 0.083 104.826 4.844 0.148 69.901 9.425 
; 
PROC NLIN DATA=A METHOD=GAUSS ITERATIONS=100; 
PARMS  SCO=3 ; 
 
   OH  = 210; 
   OL  =  20; 
 
   OSCO =0.5*(OH-OL)/SCO + CIL-CIH; 
  
MODEL  AH = -OSCO*BH + BH/BL*(AL+RD)-RD; 
 
output out = b predicted = yp residual = res ; 
proc corr; 
 var AH yp; 
proc print; 
RUN; 
 
Model step 5: Calculating Vcmax 
Model step 5.1 
TITLE 'Combined photosynthesis and variable mesophyll conductance 
model for estimating Vcmax: Strawberry pre-smoke morning and 
afternoon'; 
DATA A; 
   INPUT O RD THETA JMAX K2LL CI IINC A; 
   CARDS; 
210 0.759 0.806 113 0.386 53.498 1001.444 -0.437 
210 0.759 0.806 113 0.386 81.612 1001.864  1.519 
210 0.759 0.806 113 0.386 110.23  998.0641  3.487 
210 0.759 0.806 113 0.386 143.12 1001.630  5.275 
210 0.759 0.806 113 0.386 179.81 1001.806  6.700 
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210 0.759 0.806 113 0.386 246.081 1001.749 10.153 
210 0.759 0.806 113 0.386 353.990 1001.773 14.657 
210 0.759 0.806 113 0.386 468.529 1002.001 18.338 
210 0.759 0.806 113 0.386 776.927  998.143 21.655 
210 0.759 0.806 113 0.386  1233.309 1001.752 23.787 
210 0.759 0.806 113 0.386 402.521   18.722 -0.517 
210 0.759 0.806 113 0.386 333.125   49.561 1.8073 
; 
PROC NLIN DATA=A METHOD=GAUSS ITERATIONS=1000; 
PARMS R=2 VCMAX=60 TP=10; 
 
JMAX=200; 
KMC=250;   
KMO=170; 
 
GM0=0.0; 
 
 
      SCO    = 3.0; 
      GAMMAX = 0.5*O/SCO; 
 
      
 
*** Rubisco-limited part; 
 
       KMCMO  = KMC*(1+O/KMO); 
 
   X1R   = VCMAX; 
   X2R   = KMCMO; 
        
       PR    = GM0*(X2R+GAMMAX)+(X1R-RD)*R; 
       QR    = (CI-GAMMAX)*X1R-(CI+X2R)*RD; 
        
       AAR   = (1.+R)*X2R + GAMMAX + R*CI; 
       BBR   = -((X2R+GAMMAX)*(X1R-RD)+PR*(CI+X2R)+R*QR); 
       CCR   = PR*QR; 
        
       AR     = (-BBR-SQRT(BBR**2-4.*AAR*CCR))/(2.*AAR); 
 
*** Electron transport-limited part; 
 
       BB    = K2LL*IINC + JMAX; 
  J     = (BB-SQRT(BB**2-4*THETA*JMAX*K2LL*IINC))/(2*THETA); 
 
       X1J   = J/4; 
       X2J   = 2.*GAMMAX; 
        
       PJ    = GM0*(X2J+GAMMAX)+(X1J-RD)*R; 
       QJ    = (CI-GAMMAX)*X1J-(CI+X2J)*RD; 
        
       AAJ   = (1.+R)*X2J + GAMMAX + R*CI; 
       BBJ   = -((X2J+GAMMAX)*(X1J-RD)+PJ*(CI+X2J)+R*QJ); 
       CCJ   = PJ*QJ; 
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       AJ   = (-BBJ-SQRT(BBJ**2-4.*AAJ*CCJ))/(2.*AAJ); 
 
*** TPU-limited part; 
            AP     = 3*TP-RD; 
 
MODEL  A     = MIN(AR,AJ,AP); 
 
output out = b predicted = yp residual = res ; 
proc corr; 
 var A yp; 
proc print; 
RUN; 
 
Model step 5.2 
TITLE 'Combined photosynthesis and variable mesophyll conductance 
model: Strawberry post-smoke morning'; 
DATA A; 
   INPUT O RD THETA JMAX K2LL CI IINC A; 
   CARDS; 
210 0.759  0.806 101.731 0.326 50.472    999.400 -0.0893 
210 0.759  0.806 101.731 0.326 75.355   1000.000   1.521 
210 0.759  0.806 101.731 0.326 104.010   1000.682   2.909 
210 0.759  0.806 101.731 0.326 129.099   1000.467   4.752 
210 0.759  0.806 101.731 0.326 155.794    998.424   6.647 
210 0.759  0.806 101.731 0.326 213.046    998.454  10.367 
210 0.759  0.806 101.731 0.323 318.494   1001.277  14.132 
210 0.759  0.806 101.731 0.326 417.021   1000.989  18.144 
210 0.759  0.806 101.731 0.326 724.737   998.0353  21.881 
210 0.759  0.806 101.731 0.326  1187.752   1000.292  24.277 
210 0.759  0.806 101.731 0.326 410.981     18.848  -0.946 
210 0.759  0.806 101.731 0.326 335.486     49.708   2.082 
; 
PROC NLIN DATA=A METHOD=GAUSS ITERATIONS=1000; 
PARMS R=2 VCMAX=60 TP=10; 
 
JMAX=200; 
KMC=250;   
KMO=170; 
 
GM0=0.0; 
 
      SCO    = 3.0; 
      GAMMAX = 0.5*O/SCO; 
      
*** Rubisco-limited part; 
 
       KMCMO  = KMC*(1+O/KMO); 
 
  X1R   = VCMAX; 
  X2R   = KMCMO; 
        
       PR    = GM0*(X2R+GAMMAX)+(X1R-RD)*R; 
       QR    = (CI-GAMMAX)*X1R-(CI+X2R)*RD; 
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       AAR   = (1.+R)*X2R + GAMMAX + R*CI; 
       BBR   = -((X2R+GAMMAX)*(X1R-RD)+PR*(CI+X2R)+R*QR); 
       CCR   = PR*QR; 
        
       AR     = (-BBR-SQRT(BBR**2-4.*AAR*CCR))/(2.*AAR); 
 
*** Electron transport-limited part; 
 
       BB = K2LL*IINC + JMAX; 
   J =(BB-SQRT(BB**2-4*THETA*JMAX*K2LL*IINC))/(2*THETA); 
 
       X1J   = J/4; 
       X2J   = 2.*GAMMAX; 
        
       PJ    = GM0*(X2J+GAMMAX)+(X1J-RD)*R; 
       QJ    = (CI-GAMMAX)*X1J-(CI+X2J)*RD; 
        
       AAJ   = (1.+R)*X2J + GAMMAX + R*CI; 
       BBJ   = -((X2J+GAMMAX)*(X1J-RD)+PJ*(CI+X2J)+R*QJ); 
       CCJ   = PJ*QJ; 
        
       AJ   = (-BBJ-SQRT(BBJ**2-4.*AAJ*CCJ))/(2.*AAJ); 
 
*** TPU-limited part; 
            AP     = 3*TP-RD; 
 
MODEL  A     = MIN(AR,AJ,AP); 
 
output out = b predicted = yp residual = res ; 
proc corr; 
 var A yp; 
proc print; 
RUN; 
Model step 6: Calculating gm 
Model step 6.1 
TITLE 'NRH-A variant to estimate 1 common mesophyll conductance for 
Strawberry pre-smoke'; 
 
DATA A; 
INPUT CI IINC O PhI2 A; 
CARDS; 
323.666   1001.283  210   0.242  14.600 
432.119    999.281  210   0.268  18.331 
729.500   1001.181  210   0.270  22.665 
1229.796  1002.025  210   0.250  22.289 
353.990   1001.773  210   0.240  14.657 
468.529   1002.000  210   0.257  18.338 
            
401.566   18.441  210   0.765  -0.560 
350.086   50.300  210   0.745  1.613 
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304.822  100.026  210   0.704  3.423 
262.336  149.238  210   0.652  5.801 
247.031  200.409  210   0.618  7.222 
402.521   18.722  210   0.752  -0.517 
; 
PROC NLIN DATA=A METHOD=GAUSS ITERATIONS=100; 
PARMS GM=0.45; 
 
RD = 0.7585; 
SCO = 2.5038; 
GAMMAX=0.5*O/SCO; 
LUMP = 0.5074; 
X1 = LUMP*IINC*PHI2/4; 
Z = 2; 
BBJ = (X1-RD)/GM+Z*GAMMAX+CI; 
SQJ = (BBJ**2-4/GM*((CI-GAMMAX)*X1-(Z*GAMMAX+CI)*RD)**0.5; 
MODEL A = (BBJ-SQJ)/(2/GM); 
output out = b predicted = yp residual = res ; 
proc corr; 
var A yp; 
proc print; 
RUN; 
 
Model step 6.2 
TITLE 'NRH-A variant to estimate mesophyll conductance Strawberry 
post-smoke morning 5 min low '; 
DATA A; 
INPUT CI IINC O PhI2 A; 
CARDS; 
 318.494 1001.277 210 0.246  14.132 
 417.021 1000.989 210 0.262  18.144 
 724.737  998.035 210 0.266  21.881 
1187.752 1000.292 210 0.259  24.277 
 325.125 1001.039 210 0.231  14.305 
 436.403 1001.292 210 0.245  17.818 
 726.582 1000.054 210 0.249  22.370 
1191.645  999.605 210 0.241  24.306 
 333.548 1001.805 210 0.300  19.801 
 458.692 1000.786 210 0.318  24.193 
 759.306  998.111 210 0.320  28.876 
1235.678  999.350 210 0.311  29.119 
; 
PROC NLIN DATA=A METHOD=GAUSS ITERATIONS=100; 
PARMS GM=0.45; 
 
RD =0.7585; 
SCO = 2.5038; 
GAMMAX=0.5*O/SCO; 
LUMP = 0.5074; 
X1 = LUMP*IINC*PHI2/4; 
Z = 2; 
BBJ = (X1-RD)/GM+Z*GAMMAX+CI; 
SQJ = (BBJ**2-4/GM*((CI-GAMMAX)*X1-(Z*GAMMAX+CI)*RD))**0.5; 
MODEL A = (BBJ-SQJ)/(2/GM); 
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output out = b predicted = yp residual = res ; 
proc corr; 
var A yp; 
proc print; 
RUN; 
 
 
 
